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ABBREVIATIONS AND SYMBOLS 
& = Angstrom = 10"® centimeters 
ADP = adenosine diphosphate 
ATP = adenosine triphosphate 
ATPase = adenosine triphosphatase 
cm = centimeters 
DCIP = dichlorophenolindophenol 
DPH = 5 5'-diphenylhydantoin 
EDTA = ethylenediamine-tetraacetic acid 
EGTA = 1,2-bis(2-dicarboxymethylaminoethoxy)-ethane 
^ = acceleration due to gravity = 980 cm/sec 
gm - grain 
hr = hour 
Hepes = N-2-hydroxyethy1 piperazine N'-2-ethanesulfonate 
ITP = inosine triphosphate 
ITPase = inosine triphosphatase 
= micro or micron 
M = concentration in moles/liter 
min = minute 
mg = milligram 
ml = milliliter 
mM = concentration in millimoles/liter 
mn = nanomoles 
Pi = inorganic phosphate 
S.E. = standard error 
V 
ABBREVIATIONS AND SYMBOLS 
(Continued) 
sec = second 
TCA = trichloroacetic acid 
Tris = tris-(hydroxymethy1)-aminomethane 
limoles = micromoles 
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INTRODUCTION 
Understanding the relationship between structure and function in 
cell organelles, inclusions and surface membranes has become a primary-
goal of the biologist. In particular, much emphasis has been placed in 
recent years on relating the functional properties of membranes to their 
molecular architecture. 
Like other surface membranes, the sarcolemma of skeletal muscle 
cells serves to maintain the integrity of the sarcoplasm and to regulate 
the constant exchange of ions and metabolites between the inside and 
outside of the cell. Advances in electrophysiology have shown that in 
addition to these properties common to all surface membranes, the sarco­
lemma is capable of propagating an action potential which is vital in 
excitation-contraction coupling of muscle vivo. This action potential 
is developed as the result of a large shift of sodium and potassium ions 
through the membrane. Studies on other membrane systems suggest that 
the proteins and phospholipids in membranes are the constituents that 
participate in such regulation of ion and metabolite movement. Thus, 
knowledge of the chemical and structural make-up of the sarcolemma would 
greatly increase our comprehension of bioelectrogenesis and metabolite 
transport phenomena. 
Aside from electrophysiological and electron microscopic studies 
on intact cells, research on the fundamental properties of the sarcolemma 
has been very limited. During the past ten years, several procedures 
for isolation of the sarcolemma have been published as a necessary 
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prelude to investigation of its chemical composition. Although some 
compositional data were presented, criteria for purity of these sarco-
lemmal preparations were usually limited to phase and in some cases, 
electron microscopic examination. Consequently, chemical purity of 
these preparations is uncertain. 
It has been suggested that a Mg^'^-dependent-(Na'*"-K"*")-stimulated 
ATPase is involved in bioelectrogenesis. However, because other membran­
ous structures, notably mitochondria and the sarcotubular system, also 
possess Mg^"^-stimulated ATPase activity, and because Mg2+ is a potent 
activator of the actomyosin ATPase, it is critical to conclusively ascer­
tain that sarcolemmal preparations are free of these contaminants before 
any Mg^-r -dependent ATPase activity can be ascribed to the sarcolemma 
itself. It is also obvious that compositional data on the sarcolemma are 
not valid unless purity of the membrane preparations has been thoroughly 
established. At the present time, purity of sarcolemmal preparations is 
difficult to measure because no unique enzymic or compositional property 
has been localized exclusively in the sarcolemma hcnce, it is impossible 
f m TM1T i fv f He carcmlemma rnavîmiim antîvitv c/Mno marker nr 
to constant composition of some chemical marker. 
Because purity of sarcolemmal preparations made by existing pro­
cedures has never been documented, this investigation was undertaken to: 
a) discover suitable objective methods for measuring purity of sarcolem­
mal preparations, and then, by using these methods, to develop a suitable 
procedure for preparing sarcolemmal membranes of defined purity; and b) 
determine some of the chemical properties of purified sarcolemma. 
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LITERATURE REVIEW 
Fine Structure of the Sarcolemma 
It is widely accepted that the term, sarcolemma, refers to the mem­
brane that limits the sarcoplasm of a muscle cell. Confusion still 
exists, however, regarding the exact nature of the sarcolemma, and dif­
ferent investigators often include different structural criteria in their 
definition of a sarcolemma. As indicated by Barer (1948) and Mauro and 
Adams (1961), the primary reason for this confusion is the lower resolv­
ing power of the ordinary light microscope compared to that of the 
electron microscope. 
The external membrane of a muscle cell can be seen in an ordinary 
light microscope by inducing retraction clots in freshly teased muscle 
fibers; the membrane surrounding the "retraction area" then appears as 
an extremely thin and homogenous sheet (Barer, 1948; Mauro and Adams, 
1961). Similarly, when isolated by chemical means and observed with 
phase optics (Abood e^ . 1966; Kono and Colowick, 1961; McCollester, 
1962; Rosenthal et al., 1965; Westort and Hultin, 1966), the sarcolemma 
appears transparent and tubular, and gives the impression of being a 
structureless entity. It was Bowman in 1840 who first called this 
structureless entity the "sarcolemma." Bowman described the sarcolemma 
as a "tubular membranous sheath of the most exquisite delicacy, invest­
ing each faciculus from end to end, and isolating the fibrillae from 
all surrounding structures." In this classic paper. Bowman also pointed 
out that the sarcolemma was a distinct membrane free from any adhering 
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connective tissue. 
In spite of Bowman's careful description, the use of more refined 
optical and staining methods has created confusion in the definition of 
the sarcolemma. By using dark-field illumination and polarized light, 
Bairata (1937) found that the previously described structureless mem­
brane actually consisted of a thin network of connective tissue fibrils 
and an interfibrillar "colloid" substance. More recently, Mauro and 
Adams (1961) showed that impregnating the membrane surrounding a "re­
traction area" with silver made it possible to see a network of fibrils 
around the periphery of the tubular membrane. Under these conditions, 
the continuous phase of the membrane appeared as a glassy matrix. This 
appearance differed from the phase microscopic image which showed an 
ostensibly structureless membrane surrounding the "retraction area" 
of unstained muscle fibers that had been dissected free of endonysial 
connective tissue. The results of dark-field microscopy and silver im­
pregnation techniques, therefore, suggest that the sarcolemma is bipartite 
in nature, i.e., the sarcolemma is composed of a thin layer of connective 
tissue surrounding a smooth* homogenous membrane (Wane, 1956). 
Although early electron micrographs of the sarcolemma were limited 
to surface views, a few of these micrographs suggested that the sarco­
lemma was composed of a thin layer of adventitious connective tissue 
o 
fibrils (approximately 250 A in diameter) superimposed on a thin, trans­
parent membrane (Draper and Hodge, 1949; Reed and Rudali, 1548; Rozsa 
et al., 1950). Other micrographs, however, (Barer, 1948; Jones and Barer, 
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1948) indicated that the sarcolemna comprised a 1000 A thick membrane 
which had no fibrillar component associated with it. These latter 
micrographs showed some inhomogeneities, called corpuscular structures, 
on the sarcolemmal surface. These structures were arranged in an ir­
regular pattern and ranged in diameter from 0.04 to 0.1 p. Although 
Barer and coworkers speculated that these structures represented points 
where reticular fibers were attached to the membrane, they restricted 
their concept of the sarcolemma to the structureless membrane limiting 
the sarcoplasm of muscle. 
More recent electron microscope observations on sectioned material 
have shown that the sarcoplasm appears to be separated from its extra­
cellular environment by three distinct layers. The outermost layer or 
the area immediately under the eiidonysium consists of a region of fibrous 
connective tissue. This layer is composed predominantly of collagen or 
o 
collagen-like fibrils measuring approximately 250-400 A in diameter and 
o 
exhibiting a longitudinal periodicity of 650-700 A (Bennett and Porter, 
1953; Mauro and Adams, 1961; Robertson, 1956; Weinstein, 1954). Inter­
spersed the larger collagen fibrils are a second, more delicate 
set of fibrils measuring approximately 100 X or less in diameter 
(Draper and Hodge, 1949; Mauro and Adams, 1961; Robertson, 1956), These 
o 
100 A filaments »re not striated but appear faintly beaded (Mauro and 
Adams, 1961), The population density of both kinds of filaments varies 
along the length of the cell (Fawcett and Selby, 1958; Mauro and Adams, 
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1961); the collagen fibrils appear in bundles or cable-like forms when 
they occur in high density (Draper and Hodge, 1949; Mauro and Adams, 
1961; Reed and Rudall, 1948; Rozsa £t al., 1950), 
The second layer of the structure separating the sarcoplasm from 
the extracellular space is 300-500 X wide and has been called the 
"amorphous layer" (Draper and Hodge, 1949; Mauro and Adams, 1961), 
"ground substance" (Fawcett and Selby, 1958), the basement membrane 
(Bennett, 1960; Kono et al., 1964; Reed et , 1966; Robertson, 1956), 
or the "cuticular layer" (Porter, 1954). This layer lies immediately 
underneath the outer fibrous layer and just exterior to the innermost 
layer. As implied by its variety of names, this layer appears structure­
less or faintly granular when viewed in the electron microscope. The 
inner part of this layer is low in density, but the outer part of this 
layer is more dense or osmophilic and appears as a dark line, 100-300 X 
wide, running parallel to the sarcoplasmic surface. This dense layer 
is believed to contain carbohydrates and is therefore probably responsi­
ble for the positive periodate-Schiff reaction associated with the 
plasma membrane of muscle (Schiebler, 1953). 
The innermost layer of this triple-layered structure is frequently 
called the plasmalemma; it appears as a thin dense line ranging from 
o 
50-100 A thick (Weinstein, 1954; Robertson, 1956; Fawcett and Selby, 
1958; Mauro and Adams, 1961). Robertson (1958a,b) has resolved the plasma 
membrane from a variety of origins, including muscle cell membranes, 
subcellular organelle membranes in vertebrates, and nerve cell membranes 
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in both vertebrates and invertebrates, into two parallel dense lines, 
o 
each approximately 25 A wide, separated by a zone of lesser density which 
also measures 25 X in width. This 75 % structure is seen in the inner­
most or plasmalemma layer surrounding the muscle cell. This structure 
is now widely interpreted as representing a layer of phospholipid (the 
light 25 X zone) bordered on both sides by a layer of protein (the two 
o 
dark 25 A zones). 
It has also -£-->.n possible to study the sarcolemmal surface of 
skeletal and cardiac muscle fibers by using freeze-etching (Rayns et al., 
1968a,b and Bertaud et , 1970) or scanning microscopy (McCallister 
and Hadek, 1970). These studies have shown that the sarcolemmal surface 
is not perfectly smooth but contains pits or apertures distributed over 
its entire surface. These apertures, 1000-2000 X in diameter, are located 
in the vicinity of the Z-line in amphibian muscles (McCallister and 
Hadek, 1970) and at the junction of the A and I bands in fish skeletal 
muscle (Bertaud et al., 1970). Electron microscopy of sectioned material 
has confirmed that these apertures represent openings to the T-tubules 
of the sarcotubular system. Careful electron microscopic studies of 
sheep myocardial cells (Simpson and Oertelis, 1962) and of fish skeletal 
muscle (Franzini-Armstrong and Porter, 1964) have suggested that the T-
tubules are simply invaginations of the plasma membrane, and are there­
fore open to the extracellular space. This concept for structure of the 
sarcotubular system has been convincingly supported by experiments 
showing that only the lumen of the T-tubules contain ferritin (Huxley, 
1964; Page, 1964), horseradish peroxidase (Eisenberg and Eisenberg, 
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1968a,b) or a fluorescent dye (Endo, 1966), after soaking a muscle cell 
in one of these tracer solutions prior to fixation. 
In addition to the apertures representing openings of the T-
tubules, secondary apertures,30-40 nm in diameter, have also been ob­
served on the outer surface of the membrane (McCallister and Hadek, 
1970). Moreover, Bertaud and coworkers (Bertaud et al., 1970) have 
observed rounded excrescences, 70-90 nm in diameter, on the inner surface 
of the plasmalemma. The smaller, secondary apertures have been inter­
preted as representing openings of subsarcolemmal caveolae, and the 
rounded excrescences may represent complete vesicles fused with the cell 
membrane. In sectioned material, these subsarcolemmal caveolae appear 
as open vesicles or cave-like invaginations of the plasma membrane and 
have been observed in smooth muscle (Palade, 1956; Mark, 1956), cardiac 
muscle (Fawcett and Selby, 1958), and skeletal muscle (Porter and Palade, 
1957; Rayns et , 1968b). The functional significance of both sub­
sarcolemmal cave olae and the associated vesicles is still unknown. 
Bennett (1960) suggested that these structures are involved in movement 
of ions, sugars, proteins and larger particles across the membrane with­
out disrupting the osmotic properties of the cell. 
As is evident from this discussion, the widely differing level of 
resolution attainable by the light and the electron microscope has con­
tributed to the confusion about the definition of the "true" sarcolerama. 
Likewise, results obtained by different staining procedures and by re­
fined optical methods have been contributing factors to the confusion. 
However, recent results indicate that the sarcolemma first described 
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by Bowman (1840) is actually the three component system described by 
Mauro and Adams (1961). The connective tissue filaments that surround 
the plasmalemma were evidently not defected in the earlier light or 
phase microscopic studies. Wischnitzer (1962) has shown that the maximum 
o 
resolving power of an ordinary light microscope is 2000 A. It is, there­
fore, evident that the light microscope would not detect the 250-400 X 
collagen fibrils surrounding the plasmalemma. Additional support for 
the idea that the sarcolemma is a three-component system is provided by 
the finding that although isolated sarcolemmal membranes appear tubular 
and structureless when observed through phase optics, electron micro­
scopic observations (Koketsu et al., 1964; McCollester, 1962) have shown 
that both connective tissue and a basement membrane surround the plasma 
membrane of the sarcolemma. 
Although it is now clear that muscle sarcoplasm is surrounded by a 
three-layered system, some electron microscopists prefer to restrict 
use of the term, sarcolemma, to refer to the plasmalemma only (Barer, 
1948; Fawcett and Selby, 1958; Bennett, 1960). The primary reason for 
this preference is related to the common use of the prefix "sarco" to 
designate muscle cell components, and the fact that other cell membranes 
are 75-100 X thick and are often referred to as a plasmalemma. Hence, 
it is natural to extend this analogy and to use the term, sarcolemma, 
to designate the 75-100 X component of the three-layered structure. For 
example. Fawcett and Selby (1958) reasoned that: "the limiting membrane 
of the cytoplasm is often referred to as the plasmalemma. It is logical 
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that the term sarcolermna be used to specify the membrane limiting the 
sarcoplasm of muscle. . . Similarly, Bennett (1960) defined the 
sarcolemma as "the membrane component of muscle corresponding to the 
cell or plasma membrane, to which selective semipermeable characteris­
tics can most reasonably be attributed, and across which appears the 
resting potential of the muscle fiber." Thus, to avoid any confusion, 
the term sarcolemma will be used throughout this dissertation to desig­
nate, as Fawcett and Selby and Bennett did, only the 75-100 X plasmalemma 
investing the skeletal muscle fiber. 
Preparation of Sarcolemmal Membranes 
Since 1960, a number of different methods have been described for 
isolating sarcolemmal membranes as a prelude to detailed investigations 
on the chemical and architectural makeup of this membrane. Although 
the methodology used to extract and solubilize the myofibrillar proteins 
has varied, most of these procedures have possessed several common 
features. First, the objective of these procedures has been to prepare 
empty tubular segments which could be sedimented at low centrifugal 
forces and which could be easily identified as tubular in nature under 
a phase microscope. To achieve this purpose, freshly excised muscles 
have not been subjected to mechanical grinding and subsequent long term 
homogenization. Instead, muscles were usually diced into small pieces 
and then subjected to repeated short term homogenization, usually 4-10 
sec each, to break the muscle fioers into shorter cell segments. These 
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precautions have been observed because grinding or subsequent prolonged 
homogenization or both fragments plasma membranes, and they form small 
vesicles which not only require high forces for sedimentation but which 
also appear morphologically similar to fragmented sarcoplasmic reticulum 
(Boegman _et £l., 1970). Since no adequate chemical or enzymic marker 
has yet been found for the sarcolemma, most investigators have relied 
heavily on the tubular nature of the sarcolemma to identify it in sub­
cellular fractions. Fragmentation of the sarcolemma by grinding or pro­
longed homogenization precludes using the structure of the sarcolemma 
to identify it. 
The first attempt to prepare sarcolemmal membranes was reported 
by McCollester in 1960, McCollester submitted muscle cell segments 
simultaneously to squeezing and shearing forces by using an apparatus 
in which previously washed cell segments were loosely suspended in a 
dialysis tubing. The tubing and its contents were then passed between 
two rollers. By doing this, the internal contents of the cell were ex­
truded into the suspending medium and the membranes were left as sheets 
within the dialysis tubing. The membrane sheets wer^ then recovered 
by flushing the tubing with a saline solution. 
Shortly after McCollester's report, Kono and Colowick (1961) pub­
lished a procedure which employed high ionic strength salt solutions for 
removing contractile proteins from the muscle cell segments. The ex­
traction procedure used buffered 0.6 m LiBr solutions followed by a 1.0 M 
KCl solution. The insoluble membrane fragments were then separated from 
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mitochondria and other subcellular structures by differential centrifuga-
tion in 25%, 31%, and finally 27% KBr solutions. The "specific purity" 
(expressed in terms of number of cell membranes per unit of protein) of 
the final preparation suggested that over 99% of nonmembrane protein had 
been removed. The remaining protein resembled collagen in amino acid 
analysis and in collagenase digestion and thermal shrinkage studies. 
Based on these results, it was suggested that collagen was an integral 
part of the sarcolemma. 
The high ionic strength extraction procedure described by Kono and 
Colowick has since been modified by Koketsu et al. (1964) and Abood 
et al. (1966). These investigators homogenized the diced muscle in a 50 
mM CaCl2 solution and then extracted the washed residue with 0.4 M 
LiBr for 20 hr. This procedure eliminated the necessity to extract with 
1.0 M KCl and to purify by differential centrifugation through KBr. 
Instead, Abood and coworkers purified their sarcolemmal membranes by 
homogenizing twice in 0.6 M K.C1 to remove any residual actin and myosin 
adhering to the membrane. Although Koketsu and coworkers (Koketsu et al., 
1964) did not make any statements regarding purity of their preparations, 
a layer of collagen fibers and the presence of the basement membrane ad­
hering to the external surface of the sarcolemma was observed when their 
preparations were examined in the electron microscope. Abood e£ al. 
(1966) stated that over 95% of the membranes in their preparation were 
hollow and transparent when observed through a light microscope. 
ever, electron microscopic examination of Abood's preparations revealed 
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that no collagen was present in their sarcolemmal preparations from 
either bullfrog or rat skeletal muscle. These electron microscopic ob­
servât Ions were supported by amino acid analysis which showed that 
Abood*s sarcolemmal membrane preparations contained only 13.2, 6.9, and 
0.7 residues of glycine, proline, and hydroproline, respectively, per 
100 residues. 
During the past two years, two other reports have appeared which 
described the use of high ionic strength salt solutions to prepare sarco­
lemmal tubules. Stam and associates (Stam et al., 1969) described a 
procedure in which canine cardiac muscle was homogenized and washed six 
times in 0.25 M sucrose, 1 mM EGTA, 20 mM Tris before extracting the 
contractile proteins with 1,0 M KI or Nal. Similarly, Ash and Schwartz 
(1970) homogenized rat skeletal muscle with a 0.25 M sucrose, 1 mM Tris-
EDTA solution and then solubilized the nyofibrillar proteins with 0.6 M 
KCl, 20 mM Tris-maleate. 
Because strong salt solutions may extract membrane proteins in addi­
tion to the contractile proteins, McCollester (1962) developed a milder 
procedure for preparation of sarcolemmal membranes. This procedure 
maintained near physiological conditions by employing a maximum ionic 
strength of 0.15 M and pH values between 6.4 to 7.8. In McCollester's 
procedure, diced rat skeletal muscle was repeatedly homogenized in 50 mM 
CaClg until it would pass through a nylon net. This was followed by 
several washes in a 25 NaCl; 2^5 mM histidine solution, and the residue 
was then incubated at 37°C for 30 min. After 5 post-incubation washes 
14 
in the NaCl solution, the muscle cell segments were subjected to several 
Tris-buffered water extractions. During these water extractions, the 
contractile proteins were dissolved, and the cell segments were emptied 
leaving only the sarcolemmal membranes. The emptying process was charac­
terized initially by marked swelling and concomitant increase in vis­
cosity of the myofibrillar proteins; this was followed by a subsequent 
decrease in both viscosity and volume of the sedimented material con­
taining the sarcolemmal membranes. 
Two modifications of McCollester's low ionic strength procedure 
for preparing sarcolemmal membranes have appeared. First, Rosenthal 
and coworkers (1965) modified McCollester's method by extracting with 
2 X 10"^ N NaOH and then treating the residue with ATP and water to re­
move the actomyosin gel and liberate the sarcolemmal segments. Later, 
Westort and Hultin (1966) centrifuged their Tris-water extract through 
a double layer of sucrose (21% over 60% sucrose); unemptied cell segments 
passed through both sucrose layers while empty cell segments (sarcolemma) 
were found either in the Tris-water layer on the surface of the 21% 
sucrose layer or at the interface between the 21% and 607. sucrose layers. 
Cell emptying in Westort and Hultin* s method was achieved with lower 
CaCl2 concentrations (0.5 mM) in the homogenizing medium than in 
McCollester's original procedure, and Westort and Hultin's method did not 
use incubation at 37°C. However, all washes and centrifugation steps 
in westort and Hultin's procedure vers dene at room temperature^ and the 
procedure required that the muscle tissue be aged 4 hr prior to 
homogenization. 
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McCollester's development of a low ionic strength procedure for 
preparing the sarcolemma has proven noteworthy in two respects. First, 
his procedure, together with the modifications introduced by Rosenthal 
et al. (1965), has been used by most subsequent investigators attempt­
ing to isolate the sarcolemma (Ferdman and Gimmel'reikh, 1968; Heffron 
and Duggan, 1967; Hotta and Usami, 1967; Namba and Grob, 1968; Peter, 
1970). Secondly, McCollester*s work (McCollester, 1962; McCollester 
and Semente, 1964, 1966) has provided some insight into the phenomena 
associated with emptying the muscle cell of contractile proteins; this 
process is common to all low ionic strength procedures. 
Removing or emptying muscle cell segments of contractile proteins 
is a critical and difficult step in all procedures for preparation of 
sarcolemmal membranes. In the high ionic strength procedures, the con­
tractile proteins are extracted directly with strong salt solutions. 
This process is based on the early observations, first systematically 
explored by A. Szent-Gyorgyi and coworkers at Szeged, that actomyosin is 
soluble at ionic strengths above 0.3. In 1962, however, McCollester 
found that although the contractile proteins in homogenized muscle seg­
ments were initially insoluble and capable only of swelling in water, 
these proteins, after incubation of the muscle segments at 37°, assumed 
the water-soluble characteristics of purified actomyosin. Under these 
conditions, contractile proteins, and subcellular organelles, could be 
removed simultaneously and almost completely from the muscle segments. 
McCollester (1962) suggested that this solubility transformation in the 
contractile proteins in muscle cell segments was a consequence of a 
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"cytoskeletal" breakdown, where the "cytoskeleton" consisted pri­
marily of the sarcoplasmic reticulum and the Z lines, and that 
this "cytoskeletal" breakdown was due to both an ionic and enzymic 
effect (McCollester and Seraente, 1964). It was speculated that 
n à 
both effects were linked to the Ca used In the homogenizing medium, 
and furthermore that this Ca used in the homogenizing medium had 
three roles in sarcolemmal preparation. First, Ca^"^ prevented irreversi­
ble contraction of cell segments during homogenization (McCollester, 
1962); secondly, Ca^"^ caused rupture of some electrostatic bonds; this 
rupture was responsible for part of the solubility transformation 
(McCollester and Semente, 1964); and thirdly, the remainder of the 
2+ 
solubility transformation process was caused by endogenous Ca -dependent 
enzymes during incubation. The latter suggestion was supported by the 
finding that the presence of NaF and iodoacetate, both of which are 
known enzyme inhibitors, drastically reduced the extent of the cell 
emptying process after 37° incubation. 
In a subsequent study, McCollester and Semente (1966) concluded 
that "cytoskeletal" breakdown in rat skeletal muscle was promoted by 
nucleotide pyrophosphatase activity but Lhèt flavin, dinucleotide (FAD) 
stabilized the "cytoskeleton" of muscle cell segments. This conclusion 
was supported by two observations. First, muscle cell emptying was en­
hanced by crude enzyme preparations which contained nucleotide pyro­
phosphatase; this enhancement was reversed by the presence of FAD. 
Secondly, addition of D-amino acid apo-oxidase, which specifically binds 
FAD, to the incubation medium promoted cell emptying, whereas addition of 
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enzymes which would specifically bind nucleotide pyrophosphates other 
than FAD had no effect. In contrast to McCollester and Semente's re­
sults, however, Stanley e^ al, (1968) observed that added FAD did not 
inhibit emptying of muscle cell segments, and also demonstrated that 
although aging of excised muscle prior to homogenization had no effect 
on FAD content, such aging nevertheless greatly increased the amount 
of cell emptying even under conditions known to restrict such emptying. 
Consequently, it now appears that FAD is not a potent inhibitor of muscle 
cell emptying at low ionic strength, and the role of nucleotide pyro­
phosphatase activity in muscle cell emptying remains an enigma. 
In 1966, Westort and Hultin observed that aging freshly excised 
muscle not only enhanced cell emptying, but also permitted emptying 
without incubation at 37°C. Furthermore, aging of freshly excised 
muscle before homogenization made it possible to obtain muscle cell 
emptying even when CaCl2 concentrations in the homogenizing medium were 
below 1 mM. In fact, CaCl2 concentrations from 0.5 to 50 mM had little 
effect on the amount of cell emptying in aged muscle (Hultin and Westort, 
1969a). With fresh muscle, however, maximal emptying occurred when 50 
mM CaCl^ was present in the homogenizing medium. McCollester and 
Semente (1964) had previously found that when using unaged rat skeletal 
muscle the percentage of empty cell segments decreased as Ca^"*" con­
centrations in the homogenizing medium decreased below 50 mM. However, 
whereas McCollester and coworkers (McCollester, 1962; McCollester and 
Semente, 1964) suggested that Ca^"*" exerted its effect on muscle cell 
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emptying solely by activating Ca^'*"-dependent enzymes or by preventing 
irreversible muscle contraction, Hultin and coworkers (Hultin and Westort, 
1969a; Stanley and Hultin, 1968) indicated that the primary effect of 
added Ca^"*" was to stimulate myosin ATPase activity, thereby destroying 
all endogenous ATP and permitting actomyosin to form. Formation of the 
actomyosin complex promotes muscle cell emptying since actin alone is 
not readily extractable except in combination with myosin (Huxley and 
Hanson, 1960). The ability of Westort and Hultin's modified procedure 
2+ 
to achieve muscle cell emptying with Ca concentrations below 1 mM was 
attributed to degradation of ATP and the consequent actomyosin forma­
tion that occurs during post-mortem aging of unhomogenized muscle. Ac­
cording to Kultin and coworkers, 40-50 mM Ca^"*" is required to produce 
2+ 
emptying of imaged muscle cell segments because this much Ca is needed 
to produce sufficient stimulation of myosin ATPase activity to destroy 
all endogenous ATP. Hultin and Westort (1969a) further suggested that 
in addition to its effects on endogenous ATP concentration, their aging 
process caused a "cytoskeletal breakdown" and that their aging process 
therefore was equivalent to the 37° incubation step in McCollester's 
procedure. Because the necessary "cytoskeletal breakdown" had occurred 
2+ 
already during the aging step, Ca is required only in the initial homo-
genization medium where its function may be to activate Ca^^-dependent 
enzymes (Stanley and Hultin, 1968; McCollester and ^emente, 1964). 
The post-âgiïig washes la dilute SaCl solutions were necessary in 
Hultin's procedure to remove excess Ca^+ and prevent formation of an 
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insoluble complex between Ca^"^ and actonyosin; formation of such a com­
plex would presumably prevent cell emptying. Hence, Hultin and Westort 
(1969a) felt that muscle cell emptying did not depend on any particular 
step, but that emptying of muscle cell segments was produced by the ad­
ditive effects of each step originally described by McCollester (1962). 
Recently, Boegman and coworkers (1970) reported that they could not 
achieve the degree of muscle cell emptying described by earlier investi­
gators (Abood et al., 1966; McCollester, 1962; Kono and Colowick, 1961; 
Rosenthal et al., 1965; Westort and Hultin, 1966). Regardless of the 
procedure used, emptying of sarcolemmal tubules was incomplete, and 
mitochondria, myofibrils, and collagen fibrils were observed contaminating 
their preparations. Because Boegman and associates (Boegman et al., 
1970) noted a pronounced "clumping" and concomitant incomplete emptying 
of their cell segments, they adopted a slightly different approach for 
isolating and purifying sarcolemmal membranes. The general format out­
lined by Koketsu £t al. (1964) and Abood et al. (1966) was used with the 
following exceptions; 1) muscle tissue was homogenized in 0.25 M sucrose, 
0.2 raM EDTA, 0.1 M Tris with a loose fitting Potter-Elvehjem homogenizer 
followed by rehomogenization with a tight fitting hand homogenizer; 2) 
centrifugation ranged from 1000 x ^  initially to 105,000 x ^  in the 
final steps; and 3) following extraction with LiBr and KCl solutions, 
the sarcolemma was purified by density gradient centrifugation through 
a continuous (15% >35%) sucrose gradient at 200,000 x for 3.5 hr. 
Following sucrose density gradient centrifugation, two bands and a 
pellet, representing 25%, 15%, and 507., respectively, of the total 
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protein originally layered over the sucrose gradient were isolated. 
The purified sarcolemmal fragments were found in the two bands. When 
negatively stained and examined in the electron microscope, these sar­
coplasmic fragments were structurally similar to fragmented sarcoplasmic 
reticulum. Electron microscopic examination of thin sections of Boeg-
man's sarcolemmal preparation showed that these preparations were not 
contaminated by collagen, actin, or myosin fibrils nor by mitochondrial 
or microsomal membranes. The morphological evidence suggesting that 
mitochondrial membranes were absent was confirmed by demonstrating 
chemically that cytochrome c oxidase activity could not be detected in 
these sarcoleinmal preparations. However, NADH-diaphorase activity, which 
is associated with intracellular membranes (de Duve et al., 1962) and 
which has been used as a marker for endoplasmic reticulum of rat hepato-
cytes (Dallner et al., 1966) and carcinoma cells (Kamat and Wallach, 
1965; Molnar et al., 1969), was about 75% as high in Boegman's sarco­
lemmal preparation as in purified microsomal membranes. Similarly, 
5'-AMP-nucleotidase activity was found in both microsomal and sarco­
lemmal membrane fractions. This latter enzyme has been commonly used 
as a marker for liver plasma membranes (Emmelot et al., 1964; Cheetham 
et al.. 1970; Essner et al., 1958; Weaver and Boyle, 1969). Consequently, 
the chemical assays either suggest that Boegman's sarcolemmal prepara­
tions are not entirely pure or raise the possibility that NADH-diaphorase 
âuu 5--All? nucleotidase are integral components of the sarcolemmal mem­
brane. 
Most investigators have relied heavily on light and electron 
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microscopy to assess purity of their sarcolennnal preparations. The 
most common approach has been to count the number of empty and unemptied 
muscle cell segments in a number of phase microscopic fields and to 
calculate purity as empty cell segments divided by total cell segments 
times 100 (Abood et al., 1966; Hultin and Westort, 1969a; McCollester 
and Semente, 1964; Stanley and Hultin, 1968). Similarly, "specific 
purity" is defined as the number of empty cell segments per mg protein 
(Kono and Colowick, 1961; Hultin and Westort, 1969b; Westort and Hultin, 
1966). The use of marker enzymes to detect mitochondrial and microsomal 
meitbranes in sarcolemmal preparations has been used only recently and 
sporadically. When compared to the corresponding activities in a 
mitochondrial fraction, most sarcolemmal preparations described to date 
have contained no or very little succinic dehydrogenase, cytochrome 
oxidase, or succinic oxidase activity (Heffron and Duggan, 1967; Hultin 
and Westort, 1969b; Stam et al., 1969). Stam and coworkers (1969) found 
that their sarcolemmal preparation from cardiac muscle contained less 
than 21% of the glucose-6-phosphatase activity of a microsomal fraction. 
Glucose-6-phosphatase activity is commonly used as a marker enzyme for 
microsomes. Hultin and Westort (1969b), on the other hand, reported 
that their sarcolemmal preparation contained glucose-6-phosphatase 
activity of 4.4 mymoles of inorganic phosphate released per min per 
mg protein whereas microsomal fractions contained a glucose-6-phosphatase 
activity of 5.5 Pi released per min per mg protein. Although 
these data suggest that Hultin and Westort's sarcolemmal preparation 
contained significant amounts of microsomal contamination, the microscopic 
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purity of these preparations was better than 907.. Hence, Hultin and 
Westort inferred that the sarcolenma itself may possess glucose-6-
phosphatase activity. 
Actotnyosin has proven the most difficult contaminant to assess 
quantitatively in sarcolemmal preparations. Most investigators have 
depended on microscopic examination of their preparations or a compari­
son of the (Na"^ + K'*')-stimulated-Mg^'^-dependent ATPase activity of the 
sarcolemma with the actomyosin ATPase activity in the presence of a 
cardiac glycoside, , ouabain (Peter, 1970), to demonstrate that 
their preparations do not contain significant amounts of actomyosin. 
Chemical Properties of Sarcolemmal Membranes 
Chemical composition 
In order to understand the functional properties of cell membranes, 
it is necessary to have some information regarding their chemical com­
position. For example, Ashworth and Green (1966) found that the content 
and molar ratios of phospholipids and sterols in plasma membranes from 
various tissues of the rat differed considerably from the corresponding 
phospholipid and sterol contents and ratios of mitochondrial and micro­
somal membranes from the same tissues. Consequently, Ashworth and Green 
(1966) concluded that a structure deduced from the chemical analysis of 
one membrane cannot be expected to exist unaltered in other membranes as 
well. Other examples of the importance of chemical composition to 
membrane function, particularly in muscle membrane systems, can be found 
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in studies conducted by Albuquerque and Thesleff (1967) on the muscle 
cell membrane and by Martonosi and coworkers (Martonosi, 1964; Martonosi 
et al., 1968) on sarcoplasmic reticular membranes, Albuquerque and 
Thesleff found that phosphollpase C digestion completely and irreversibly 
blocked the action potential generating mechanism in the sarcolemma and 
simultaneously interfered with ionic permeability in this membrane. 
Similarly, Martonosi and coworkers demonstrated that calcium transport 
and ATPase activity of muscle microsomal membranes were inhibited by 
treating these membranes with phosphollpase C. Both calcium transport 
and ATPase activity, however, were restored when lecithin, lysolecithin, 
or phosphatidic acid were added to the phosphollpase-treated microsomes. 
Rabbit skeletal muscle microsomes contained 707= of their phospholipids 
as lecithin; the other phospholipids in the microsomes consisted mainly 
of phosphatidylethanolamine and phosphatidylserine. 
Proteins and lipids are the major chemical components of membranes, 
but the relative contents as well as the kind of proteins and lipids 
present vary widely from membrane to membrane (O'Brien, 1967). Analysis 
of isolated sarcolemmal membranes have shown that protein comprises 
approximately 65-677, and lipids approximately 15-167, of their total dry 
weight (Abood et al., 1966; Kono and Colowick, 1961). However, Kono £t 
al., (1964) found that the lipid content of rat skeletal muscle sar­
colemma may be as high as 23% on a dry weight basis. Of this 237, lipid, 
approximately 33% was phospholipids and about 52% was triglycerides and 
cholesterol, A total phospholipid content of 7-8% (1/3 of 23%) of the 
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dry weight is much lower than usual for membranous material (Fleischer 
and Rouser, 1965) and is lower than the 12.5 yig phospholipid phosphorous 
per mg protein that Kono and Colowick (1961) reported earlier for sar-
colemma from rat skeletal muscle. In fact, calculation of the results 
of Kono ^  al. (1964) in terms of phospholipid phosphorous gives a 
value of 1.35 )ig phospholipid phosphorous per mg protein for their sarco-
lemmal preparation (Hultin and Westort, 1969b). Table 1 compares some 
of the phospholipid phosphorous values reported by different investigators 
for the sarcolemma (Hultin and Westort, 1969b). 
Table 1. Phospholipid phosphorous values for sarcolemmal membranes 
of skeletal muscle* 
Investigators )ig phospholipid Muscle V / 2  isolation 
P/mg protein source procedure used 
Ashworth and Green (1966) 11-12 Rat High 
Kono and Colowick (1961) 12.5 Rat High 
Kono et al. (1964) 1.35 Rat High 
Abood et al. (1966) 3.8 Frog High 
Hultin and Westort (1969b) 1.1 Chicken Low 
^Phospholipid phosphorous values were calculated by Hultin and 
Westort (1969b), 
In addition to the data shown in Table 1, Boegman and coworkers 
(1970) have recently reporcec a value of 1.43 mg phospholipid phosphorous 
per mg protein and a cholesterol content of 0.28-0.35 mg per mg protein 
for bullfrog skeletal muscle sarcolemma. The phospholipid content re­
ported by Boegman et (1970) is approximately 1000 times higher than 
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that found by the investigators shown in Table 1. In spite of the re­
sults of Boegman and associates, however, it appears that most sarco­
lemmal preparations analyzed to date have abnormally low phospholipid con­
tent when compared to other membranous material. Part of the variation 
in phospholipid contents among different sarcolemmal preparations as well 
as the generally phospholipid content characteristic of most sarco­
lemmal preparations may be due to the relatively small quantitative 
contribution that the plasmalemma makes to the entire three-layered 
structure surrounding the muscle cell. Hence, the outer fibrous layer 
and the intermediate amorphous layer are probably usually included with 
the innermost plasmalemma in so-called purified sarcolemmal preparations, 
and the presence of these two layers, both low in phospholipid content, 
would greatly dilute the phospholipid in the innermost plasmalemma. More­
over, variations in the extent to which the outer fibrous layer and the 
intermediate amorphous layer remain with the plasmalemma would cause the 
variation in phospholipid content that is observed among different 
sarcolemmal preparations. In fact, Kono and associates (Kono et al., 
1964) estimated that the plasma menibrane contained only 30% of the cotal 
protein in sarcolemmal preparations. 
In 1966. Abood and coworkers (Abood et al., 1966) analyzed the 
lipid component of bullfrog sarcolemma and found that cholesterol con­
stituted about 307o of the total lipids while phosphatidylcholine (24%), 
phosphatidylethanolamine (10%) and phosphatidylserine (6%) were the major 
phospholipids present. Phosphatidylinositol and sphingomyelin were found 
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in trace amounts. Kono et al. (1964), on the other hand, found both 
phosphotidylinositol and sphingomyelin as well as lecithin in abundant 
amounts in a chloroform-methanol extract representing 23% of the total 
lipids in rat sarcolemma. Large amounts of triglycerides and some 
steroids were found in an acetone-soluble fraction, which represented 
about 52% of the total lipids. Cholesterol constituted about 7% of 
the total steroid content. The remaining 25% of the sarcolemmal lipid 
was soluble in methanol, but the substances in this fraction were not 
identified (Kono et al., 1964). 
As discussed previously, sarcolemmal membranes prepared by either 
high or low ionic strength procedures usually contain varying amounts 
of a fibrous connective tissue layer closely adhering to their external 
surface. Because this fibrous connective tissue layer has been observed 
in close contact with the plasmalemma in intact muscle, many investigators 
consider it to be an integral part of the sarcolemma. The presence of 
this fibrous connective tissue layer accounts for Kono and Colowick's 
(1961) suggestion that the sarcolemmal structure contained a collagen­
like protein. Moreover, Kono and Colowick (1961) found that sarcolemmal 
membranes were dissolved by collagenase and exhibited a thermal shrinkage 
temperature of 57-59". Amino acid analysis of sarcolemmal preparations 
showed that hydroxyproline, proline and glycine were present in propor­
tions comparable to that observed in calf skin collagen (Kono and 
Colowick, 1961). Kono et ai. (1964) later confirmed the presence of 
collagen in sarcolemmal preparations by using both electron microscopy 
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and chemical analysis of isolated sarcoletnmal membranes. They esti­
mated that collagen represented approximately 37% and non-collagenous 
protein 15% of the dry weight of the membrane. Proteins were also found 
associated with the lipid fraction and with an amorphous fraction re­
maining after digestion with collagenase (Kono ^  al., 1964). 
In 1966, Abood and associates (Abood et al., 1966) removed the 
connective tissue layer from sarcolemmal preparations by extracting 
with 0.6 M KCl. Connective tissue removal was confirmed by electron 
microscopy and by amino acid analysis showing that the proline, hydroxy-
proline, and glycine contents of 0.6 M KCl-extracted sarcolemmal prepara­
tions were much lower than those reported by Kono and Colowick (1961) 
for unextracted sarcolemmal residues. Cystine was absent in rat sarco­
lemma and is also absent in calfskin, collagen. Abood et al.,(1966) 
observed that the proteins of both rat and bullfrog sarcolemma contained 
a relatively high percentage of the acidic amino acids, aspartate and 
glutamate. "They suggested that the abundance of acidic amino acids 
may provide additional anionic sites for adsorption of inorganic cations 
associated with the excitatory phenomena. However, no other informa­
tion is presently available concerning the nature of the noncollagenic 
proteins in sarcolemmal preparations. 
Enzymes 
It is now generally accepted that maintenance and restoration of 
membrane potential in nerve and muscle fibers involve an active transport 
mechanism which pumps sodium ions out and potassium ions into the cell. 
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Since both Na"*" efflux and influx occur against an electrochemical 
gradient, energy is required for this active transport process. In 
1957, Skou (Skou, 1957) described an enzyme in crab nerve membranes 
which hydrolyzed ATP at a rate that increased greatly in the presence 
of both Na"*" and id" ions. Because of the synergistic effects of Na"^  
and K.^ on his preparation and because of the nature of his preparation, 
Skou suggested that this ATPase enzyme was related to the active trans­
port mechanism that occurs in membranes. Since this report, numerous 
investigators have observed similar ATPase activities in cell membranes 
from many other tissues, and it is now widely believed that most mem­
branes contain a (Na^ + K'^)-activated ATPase activity. 
In a later paper, Skou (1965) summarized the main characteristics 
of the ATPase activity found in cell membranes; 1) the enzyme hy-
drolyzes ATP to ADP and orthophosphate; 2) the enzyme is dependent on a 
combined effect of Na"^ and K+; 3) the enzymic activity due to Na"^ + K*" 
is inhibited by strophanthin-G (ouabain); 4) the substrate for the mem­
brane ATPase is Mg^ '*'-ATP and the enzyme is not activated by Na^  and K"*" 
2+ 
in the presence of ITP, GTP or UTP as substrates; and 5) when Ca -ATP 
is used as substrate, enzyme activity due to Na"*" + K"*" is inhibited. The 
Mg^'^-dependent-(Na"*" + K"*")-activated ATPase is also inhibited by 
oligomycin (Jobsis and Vreman, 1963), quinidine (Samaha and Gergely, 
1966) and by certain sulfhydryl reagents such as p-chloromercuribenzoate 
(PCMB). N-ethylmalfiimide (NEM) and 2,4,dinitrofluorobenzene (Skou, 1963). 
The enzyme is activated slightly by Mg^ "*" in the absence of Na or K"*" 
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and the Mg^"'"-stimulated ATPase in the absence of Na"*" and IC*" is not 
inhibited by strophanthin-G (Skou, 1960). 
Demonstration of a Mg^'^-dependent-(Na"*" + K"*")-activated ATPase in 
muscle homogenates has proven difficult because the muscle cell contains 
several different Mg^^-activated enzymes which show variable sensi­
tivities to Na"^ and K"^, Bonting and coworkers (Bonting e_t £l,, 1961) 
observed a low Mg^"^ -(Na"l" + K.+)-ATPase activity that accounted for 
about 47. of the total ATPase activity in unfractionated homogenates of 
cat skeletal muscle. Similarly, Skou (1962) found a low and variable 
Mg2+-(Na+ + K+)-ATPase activity in homogenates of rabbit skeletal and 
cardiac muscle. More recently, Matsui and Schwartz (1966) purified a 
highly active Mg2+-(Na+ 4- K"^)-ATPase activity from cardiac muscle homo­
genates by treating their homogenates with deoxycholate (DOC) and 2 M 
Nal, This enzyme exhibited a substrate specificity similar to that de­
scribed by Skou (1965) as typical of a cell membrane ATPase enzyme. 
Moreover, the cardiac muscle ATPase was inhibited by ouabain, by 
oligomycin in high concentrations (5 ug/ml) and by PCMB and NEM; all 
these features are characteristic of cell membrane ATPase activity. 
Although their ATPase exhibited many of the properties of the active 
transport ATPase, Matsui and Schwartz (1966) could not definitely specify 
the origin of this enzyme since the entire muscle homogenate was treated 
with DOC, and it was possible that the ATPase activity could have 
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As the procedures for isolation of sarcolemmal membranes have 
progressed, a number of papers have described a Mg^'^-activated- and a 
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Mg^ "'"-dependent-(Na"'" + Ki")-stimulated ATPase in sarcolemmaL membranes. 
For the most part, the ATPase activity in sarcolemmal membrane prepara­
tions behaves similarly to transport ATPase of other membranes. The 
2+ 
sarcolemmal enzyme is activated in the presence of Mg alone, and this 
Mg^"'"-stimulated activity increases in the presence of Na"*" + K"*" , The 
concentrations of Na"*" + Kt at maximal activity, however, tended to dif­
fer between membranes prepared by high or by low ionic strength extrac­
tion. In preparations made by the high ionic strength procedure, maxi­
mal ATPase activity usually occurred at Na"*" + Kt concentrations of 100 
mM + 10 mM, respectively. This is approximately the same Na"^ + id" con­
centration that Skou (1965) found typical for maximal activity of mem­
brane transport ATPases. However, with the exception of Hotta and 
Usami (1967), who found maximal (Na"*" + Kr'")-stimulated-ATPase activity 
at 100 mM Na"*" + K"^, maximal ATPase activities for sarcolemmal membranes 
prepared by low ionic strength extractions occurred between a total 
Na"*" + K"^ concentration of 30 mM to 75 mM (Ferdman and Gimmel'reikh, 1968; 
Peter, 1970; Hultin and Westort, 1969b). Ferdman and Gimmel'reikh 
(1968) observed that 0.1 M Na+ + K"*" inhibited the ATPase activity of 
sarcolemmal membranes prepared by the low ionic strength procedure. 
However, with the exception of this difference in response of ATPase 
activity to added Na+ + K"^, it has been impossible to find any consistent 
difference between sarcolemmal membranes prepared by the high and low 
Several studies have shown that the ATPase activity in sarcolemmal 
preparations is inhibited by the same agents that inhibit the transport 
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ATPase activity in other membranes. For example, F" ions (Starn et al., 
1969), NEM, and low concentrations (10"^ M) of PCMB (Hotta and Usami, 
1967) all inhibit the ATPase activity in sarcoletnmal preparations as 
well as the membrane transport ATPase. The Mg^"*'-(Na"*" + K"^)-ATPase 
activity of isolated sarcolemmal membranes is decreased by treatment 
with 0.3% deoxycholate, but the stimulated ATPase of these mem­
branes is not affected by this treatment (Ferdman and Gimmel'reikh, 
1968). Moreover, the Mg^'^-(Na"*" + K+)-ATPase activity of sarcolemmal 
preparations is inhibited by the cardiac glycosides, ouabain and 
strophanthin K, although the degree of inhibition that has been reported 
has varied from author to author. Stam and coworkers (Stam et al., 1969) 
found that strophanthin-G and strophanthin-K caused a 91-927. inhibition 
of the sarcolemmal ATPase from cardiac muscle, whereas Hotta and Usami 
(1967) and Ferdman and Gimmel'reikh (1968) found that these glycosides 
caused only a 32-357. inhibition of the Mg^'^-(Na"^ + K"^)-ATPase of rabbit 
skeletal muscle sarcolemma. Ash and Schwartz (1970) reported that 
ouabain inhibition of sarcolemmal ATPase activity could be increased by 
107. when oligomycin at a concentration of 0.5 ug/mg protein was present 
in addition to ouabain. At 5 ug/mg protein, oligomycin alone was a 
more potent inhibitor of the Mg^'*"-(Na'^ + KT*")-ATPase than ouabain alone. 
Recently, Peter (1970) found that the compound, diphenylhydantoin, 
inhibited both the Mg2+-activated- and the Mg2+-(Na*^ + id")-ATPase 
activities of sarcolemmal preparations. Although oligomycin inhibited 
the ATPase activity in mitochondrial and microsomal membranes to the 
same extent that it inhibited the sarcolemmal ATPase, diphenylhydantoin 
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had no effect on the ATPase activities of either mitochondrial or 
microsomal membranes or of myosin B. Hence, Peter (1970) suggested 
that sensitivity of the sarcolemmal enzyme to diphenylhydantoin may be 
a useful enzymic marker for sarcolemmal membranes. 
The unusually high phospholipid content of the sarcolemmal mem­
brane preparation isolated by Boegman et al. (1970) has already been 
mentioned. Boegman ^  . (1970) prepared sarcolemmal membranes by high 
ionic strength extraction followed by purification through a sucrose 
gradient. In addition to their unusually high phospholipid content, 
these sarcolemmal preparations exhibited a very high Mg -stimulated-
(Na"*" + K"*")-dependent ATPase with a specific activity of 600 ;imoles 
Pi libsratsd/mg N/hr, compared to 19-20 jumoles Pi liberated/mg N/hr 
characteristic of other sarcolemmal ATPase activities. This ATPase 
enzyme had a broad pH optimum between 7.3-7.7, and was synergistically 
stimulated by Na"^  + KT*" with maximal activity occurring at 105 mM 
Na"*" + 45 mM K"^. Enzyme activity was inhibited 94% by ouabain and about 
507o by Ca^"^. Although their sarcolemmal preparations were very similar, 
both biochemically and morphologically, to fragmented sarcoplasmic 
reticulum, Boegman et ^ I. (1970) concluded that the ATPase activity 
of their preparations was due primarily to the plasma membrane. This 
conclusion was based on the finding that microsomal membranes which 
were prepared from the same homogenate as the sarcolemmal membranes were, 
contained a iiiembranë-bound enzyme with an activity dependent o" 
but unresponsive to monovalent cations. Furthermore, the (Na"^  4- K"^ )-
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independent-Mg^•'•-ATPase of the microsomal membranes was insensitive to 
2+ 
ouabain and was stimulated rather than inhibited by Ca . Since Skou 
(1960, 1965) reported that Ca^^ caused complete inhibition of membrane 
2+ 
transport ATPase activity, but Boegman e£ al^. (1970 found that Ca 
caused only a 507» inhibition of the ATPase activity of their sarcolemmal 
2+ 
preparations, the latter authors suggested that Ca was stimulating the 
ATPase activity of microsomal membranes contaminating their sarcolemmal 
preparations and that this stimulation accounted for the relatively 
small inhibitira that Ca^"*" produced in their preparations. However, 
2+ 
the effects of Ca on the ATPase activities of sarcolemmal and micro­
somal enzymes is not entirely clear. On the one hand, Stam and coworkers 
(1969) and Ferdman and Gimmel'reikh (1968) found that Ca^"*" activated 
the (Na"*" + K+^-ATPase activity of their sarcolemmal preparations. On 
the other hand, Skou (1960, 1965) has shown that Ca^"*" inhibits membrane 
transport ATPase activity and Boegman £t al. (1970) interpreted their 
data to indicate that Ca^"^ inhibits sarcolemmal ATPase activity. More-
2+ 
over, although Boegman e^ a^. (1970 suggest that Ca stimulates the 
ATPase activity of microsomal membranes, Fratantoni and Askari (1965) 
have shown thac Ca^"*" inhibits the ATPase activity of microsomal membranes, 
both in the presence and in the absence of monovalent ions. 
The findings described in the preceding paragraphs suggest that 
the sarcolemma possesses a transport ATPase activity and that this 
enzyme may be useful marker for the sarcolemma. However, purity of the 
usual sarcolemmal preparations remains a problem since muscle cells 
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contain a number of stimulated ATPases in addition to the sarcolemmal 
ATPase. For example, Mg^"^ is a potent activator of actomyosin ATPase. 
Since contractile proteins constitute approximately 507» of total muscle 
protein, whereas sarcolemmal proteins constitute less than 1% of total 
muscle protein, the contractile proteins are potentially large sources 
of contamination in sarcolemmal preparations. In spite of the fact 
that it is essential to determine the extent to which actomyosin con­
taminates the usual sarcolemmal preparations, this source of contamina­
tion has not been critically assessed in previous investigations. 
Another possible marker enzyme for sarcolemmal membranes which does 
not require ATP as substrate is acetylcholinesterase. This enzyme, to­
gether with acetylcholine and acetylcholine receptors, plays an import­
ant role in neuromuscular transmission. The properties and biological 
role of acetylcholinesterase has been discussed by Nachmansohn (1968, 
1970). Namba and Grob (1968, 1970) found acetylcholinesterase activity 
in sarcolemmal segments prepared by a low ionic strength procedure. 
The acetylcholinesterase activity in these membrane preparations was 
27 times higher than it was in the crude muscle homogenates; this sug­
gests that the acetylcholinesterase activity followed the sarcolemma 
through the preparation procedure. Histochemically, it was shown that 
all acetylcholinesterase was located in the motor end plates of muscle 
cell segments. Since acetylcholinesterase activity, as measured both 
chemically and histochemically. did not decrease during storage of the 
isolated membranes, Namba and Grob (1970) concluded that acetylcholines­
terase was tightly bound to the membrane and that it was unlikely that 
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any motor end plate cholinesterase activity was lost during the pro­
cedure necessary for sarcoletnmal isolation. 
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MATERIALS AND METHODS 
Unless otherwise stated, preparation of membrane and protein samples 
was performed at 0-4° with pracooled solutions. All solutions were pre­
pared with distilled water that was double-deionized, redistilled in 
glass, and stored in polyethylene containers. The highest grade reagents 
available were used throughout this study. 
All rabbits were anesthetized by intravenous injection of 0.5 cc 
d-tubocurarine mixed with 1.5 cc sodium pentobarbitol and were then ex­
sanguinated. The muscles were quickly excised, immersed "n ice and then 
trimmed free of adhering fat and connective tissue. Only the longissimus 
dorsi muscles were used for oreparation of sarcolemmal membranes; these 
muscles were usually diced before homogenization. Other subcellular frac­
tions were prepared from the leg muscles after they had been minced in a 
precooled meat grinder. 
Preparative Procedures 
Sarcolemma 
One of the objectives of this study was to develop ari isolation pro­
cedure that would produce sarcolemmal preparations having; 1) the highest 
possible percentage of empty cell segments; 2) no contaminating subcellular 
organelles or other unidentifiable material; 3) a minimal amount of ag­
gregated or clumped membranes; and 4) a suspended form which could be 
easily pipetted. During development of such a procedure, preliminary 
studies were conducted to determine whether high ionic strength procedures 
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described by Kono and Colowick (1961) and Abood e^ al. (1966) or low ionic 
strength procedures described by McCollester (1962) and Rosenthal et al. 
(1965) were best suited for preparing sarcolemmal fractions having the 
characteristics described above. During these preliminary studies, it also 
became necessary to conduct several experiments attempting to find ways to 
increase the efficiency of cell emptying by the low ionic strength pro­
cedure; the results of these experiments were fundamental to the low ionic 
strength procedure eventually developed. Since these results on sarcolemmal 
preparation constitute a basic part of the new information obtained from 
this study, they will be discussed in the "Results" section. 
Mitochondrial and microsomal fractions 
Fifty gm of minced rabbit leg muscle were homogenized for 45 sec in a 
Waring Blender with 8 volumes of 0.25 M sucrose, 0.05 M Tris-HCl (pH 7.65), 
1 mM EDTA. The homogenate was centrifuged for 20 min at 2000 x g, the 
supernatant was filtered through four layers of cheesecloth, and then 
centrifuged at 8200 x g for 30 min. The mitochondrial fraction sedimenting 
between 2000 x g and 8200 x g was suspended in approximately 40 ml of 0.25 M 
suctosé by uSê of à hand hc-^ogsnizsr, and the mitccîiondrial suspension was 
centrifuged for 30 min at 8200 x g. The sedimented mitochondrial fraction 
was resuspended by homogenizing in a small volume of 0.25 M sucrose and 
stored in ice. 
The supernatant remaining after centrifuging at 8200 x g was filtered 
through four layers of cheesecloth and then centrifuged for 1 hr at 105,000 
X g. The microsomal fraction sedimenting between 8200 x g and 105,000 x g 
was suspended by homogenizing gently in approximately 40-50 ml of 0.25 M 
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sucrose and was centrifuged at 105,000 x g for 1 hr. The sedimented 
microsomal fraction was resuspended by homogenizing in a small volume of 
0.25 M sucrose and was stored in ice. 
Reconstituted actomyosin 
Purified myosin and actin were prepared by the method of Seraydarian 
et al. (1967). 
Reconstituted actomyosin was prepared immediately after purified actin 
and purified myosin became available by mixing one part actin to two parts 
myosin as described by Arakawa et al. (1970). Removal of K"*" for those 
experiments conducted in the absence of KT*" was done by washing myosin 
and reconstituted actonyosin three to five times with cold, glass distilled 
water. Reconstituted actomj'osin swells after the second water wash and 
progressively higher speeds (up to 3000 x g) were required to sediment it 
during the third through fifth washes. Myosin also swells after the second 
wash, but after the third water wash, nyosin approaches solubility, and 
very high centrifugal forces (30,000 x g) were required to sediment iryosin 
as a very clear precipitate after the fourth water wash. Washing myosin 
-.ors than four tics s results in solubilization and almost no ryosin could 
be sedimented, even at very high centrifugal forces, after the fifth water 
wash. 
Erythrocyte ghosts 
During this study, it became evident that a relatively well charac­
terized membrane preparation of known constitution was needed for comparative 
experiments. For this purpose, erythrocyte ghosts were prepared essentially 
according to the procedure described by Peter et al. (1969). 
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Approximately 200 ml of porcine blood was collected in 250 ml 
centrifuge bottles containing 240 mg of EDTA (disodium salt). The ery­
throcytes were sedimented at 2000 x g for 10 min, the plasma fraction 
was removed by aspiration, and the buffy leukocyte-containing layer re­
moved with a pipette. The erythrocytes were washed three times with 
0.15 M NaCl and centrifuged for 10 min at 2000 x g after each wash. The 
erythrocytes were then hemolyzed by diluting to 5 volumes with 0.02 mM 
EDTA, 2 mM Tris (pH 7.4) and allowing the suspension to stand for 30 min 
at 4°C. The suspension was centrifuged at 40,000 x g for 30 min, and the 
hemolysis procedure repeated on the sediment. The sedimented erythrocyte 
ghosts were washed three times with 15 mM NaCl, 2 mM Tris (pH 7.4), 
sedimented at 40,000 x g for 30 min after each wash and resuspended by 
gentle homogenization with a Teflon pestle. The erythrocyte ghosts were 
finally suspended in 0.1 mM Hepes adjusted to pH 7.2 with solid Tris. 
Enzyme Assays 
Succinic dehydrogenase 
The succinate-dependent reduction of indophenol to leucoindophenol 
was followed spectrophotometrically in a Gary Model 16K recording spectro­
photometer at 600 nm and 38°C according to the method of Bactunann e^ al. 
(1966). The assay mixture, 3 ml final volume, contained 30 ^ oles of 
potassium phosphate (pH 7.4), 1.5 mg of bovine serum albumin, 3 ^ oles of 
KCH, 50 piûùlcs of succinate and 60 cf 2,6=dichlcrophsGolindophenol 
(DCIP). The reaction was initiated by adding 120 }ig of mitochondrial, 
microsomal, or sarcolemmal protein in 0.06 ml, and readings were recorded 
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against a blank containing all components except succinate. The molar 
extinction coefficient of DCIP was calculated to be 17.9 x 10^  cm~^  M"^ . 
Glucose-6-phosphatase 
The method described by Nordlie and Arion (1966) was used to measure 
glucose-6-phosphatase activity in microsomal, mitochondrial, and sarcolem-
mal fractions. Final volume of the assay mixture was 1.5 ml, and this 
mixture contained 40 umoles cacodylate buffer (pH 6.5) and 20 umoles of 
glucose-6-phosphate. Tubes containing the assay mixture were preincubated 
for 5 min before the reaction was started by adding 0.2 ml (0.4 mg pro­
tein) of a microsomal, mitochondrial or sarcolemmal fraction. The reac­
tion proceeded at Î0°C for 10 min and was stopped by adding 1,0 ml of 107. 
TCA. Blanks containing substrate but no protein and protein but no sub­
strate were included with the assay tubes in each run. Inorganic phosphate 
liberated was measured by the microcolorimetric method of Taussky and 
Shorr (1953). 
Nucleoside triphosphatase 
remove contaminating Ca^"*" and converted to the Tris salt as described by 
Goll and Robson (1967), Ouabain (Sigma Chemical Co.) was dissolved in 
957o ethanol, and 5,5-diphenylhydantoin (Sigma Chemical Co.) was dissolved 
in water by adjusting the pH to 11.4-11.5 with 1.0 N NaOH. 
All ATPase and ITPase assays were done at 25°C and in a final assay 
volume of 1.0 ml. The reaction was initiated by addition of the appropriate 
substrate. ATPase assays done in the presence of DPH or ouabain were pre-
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incubated with DPH or ouabain for ten min before adding ATP to initiate 
the reaction. The reaction was stopped by adding 0.5 ml of 15% TCA and 
the inorganic phosphate released was measured by Taussky and Shorr's 
method (Taussky and Shorr, 1953). 
Cation concentrations and other individual experimental details will 
be given with the results of the separate experiments. 
Protein Determination 
Protein concentration was determined by the biuret method (Gornall 
e^ al., 1949; Robson et al., 1968) standardized against bovine serum 
albumin. When measuring protein concentration of sarcolemmal membranes, it 
was necessary to mechanically stir the biuret-membrane suspension for 15-20 
min at 22-25°C to achieve complete solubilization of the membranes. 
Microscopy 
Phase microscopy 
Preparation of sarcolemmal membranes was monitored with a Zeiss 
Photomicroscope equipped with phase optics. 
The final sarcolemmal preparation was examined for "microscopic 
purity" using a 25X planachromat phase objective. After adjusting the 
sarcolemmal protein concentration to 2 mg/ml, a drop of the suspension 
was placed under a coverslip and the number of empty and unemptied cell 
segments counted by scanning the area under the coverslip. At least 
500 total segments were counted for each measurement. Muscle cell segments 
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that were partially emptied were considered unemptied. Cell segments 
"clumped" together were not counted. "Microscopic purity" was calcu­
lated by the following formula: 
..Microscopic purity.. (%)=== 
All phase micrographs were taken by using a 25X planachromat or 
a lOOX planapochromatic objective with a green interference filter in 
the light path. Results were recorded on Adox KB-14film, 
Electron microscopy 
The sarcolemmal preparation suspended in 10 mM Hepes-Tris (pH 7.2) 
was pelleted at 20,000 x g for 15 min, and the pelleted sarcolemmal mem­
branes fixed essentially according to the method described by Franzini-
Armstrong (1970). The pellet was fixed in a paraformaldehyde-
glutaraldehyde mixture (Kamovsky, 1965) for 20 min at room temperature 
before the pellet was diced into 1-2 mm blocks. The blocks were then 
fixed for 2.5 hr at room temperature in the paraformaldehyde-glutaraldetyde 
mixture, washed in cold (4°C) 0.1 M cacodylate (pH 7.2) containing 10% 
sucrose for i.G hr and post-fixed for 45 min in cold 17» OSO4 containing 
0.1 M cacodylate (pH 7.2) and 0.11 M NaCl. The blocks were dehydrated 
in 757,, 957o, and then three changes of 100% acetone, infiltrated and 
embedded in an Epon-Araldite mixture as described by Anderson and Ellis 
(1965). The embedding medium was allowed to polymerize at 65°C for a 
minimum of 54 hr and cured for 2-3 days at room temperature. The 
specimen blocks were sectioned with a diamond or glass knife on a LKB 
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Ultrotome III ultrarnicrotome. Sections with gray to silver inter­
ference colors were mounted on uncoated, 400 mesh, copper grids, stained 
for 15 min with 27o uranyl acetate in methanol and post-stained with 
lead citrate (Reynolds, 1963) for 11 min. All electron micrographs 
were taken on a RCA EMU-4 electron microscope operated at 50 kv. 
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RESULTS 
Since the primary goals of this investigation were to prepare highly 
purified sarcolemmal membranes and to define purity of these preparations 
by using objective criteria, much effort was expended in examining dif­
ferent methods for preparing sarcolemmal membranes. Broadly, these ef­
forts can be classified into two categories: 1) those methods using high 
ionic-strength salt solutions to extract the myofibrillar proteins and 
leave the unsolubilized sarcolemmal membranes behind; these attempts 
were based on the procedure first described by Kono and Colowick (1961); 
and 2) those methods using very low ionic-strength solutions with pH 
values between 7 and 8 to extract the myofibrillar proteins; these at­
tempts were based on the procedure first described by McCollester (1962). 
The rationale underlying methods used to prepare sarcolemmal membranes 
remains unclear, and adequacy of the different methods presently being 
used is controversial; therefore, the procedures explored in this in­
vestigation will be described in detail. Such detailed description 
should be useful in assessing the efficacy of different procedures for 
preparing sarcolenimai membranes, and may also afford insight into the 
mechanism of myofibrillar protein removal from the muscle cell. After 
discussion of the procedures necessary to prepare highly purified sar­
colemmal membranes, some properties of these membranes will be de­
scribed. 
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Methods of Sarcolemmal Preparation 
High ionic strength methods 
Initially, a series of attempts were made to prepare sarcolemmal 
fractions essentially according to the high ionic strength method of Kono 
and Colowick (1961). Briefly, diced muscle tissue was homogenized for 
25 sec in 10 mM Tris, the myofibrils and cell segments were sedimented 
at 12,000 X g for 10 min, and the myofibrillar proteins were extracted 
from the sedimented residue by a 4-hr extraction followed by a 3-hr ex­
traction in 6 vol of 0.4 M LiBr. The unsolubilized residue was then sub­
jected to a third overnight extraction in 5 vol of 1.0 M KCl. It was 
noted during these experiments that the pellet sedimented at 20,000 x g 
after each high ionic strength extraction could not be resuspended to 
form a homogeneous suspension without disrupting the structural integrity 
of empty and partly emptied tubular membrane segments. Decreasing the 
centrifugal force to 900 x as suggested by Koketsu e£ £l. (1964) 
and Abood et al. (1966), facilitated resuspension of the membranes with­
out causing their disruption. This beneficial effect of decreasing 
centrifugal force was partially negated by the tendency of gentle stir­
ring used during the extraction process to cause aggregation of the cell 
segments. The tendency to aggregate was most pronounced during the last 
two high ionic strength extraction steps. Aggregation of cell segments, 
both empty and unemptied, not only prevented critical examination of the 
resulting fraction in the phase microscope but also made it impossible 
to effectively separate empty tubular membrane segments from unemptied 
cell segments by using differential centrifugation in 25%, 31%, and 27% 
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KBr, as originally described by Kono and Colowick (1961). Phase micro­
scopic examination of the fraction prepared by Kono and Colowick's pro­
cedure showed that myofibrillar protein extraction was incomplete; 
striations or vesicular structures were entrapped within cell segments; 
many unidentifiable structures were present, and loose myofibrils and 
connective tissue were observed. The presence of large amounts of un­
identifiable structures and loose myofibrils was probably due, in part, 
to membrane fragmentation caused by the vigorous stirring required to 
resuspend the 1.0 M KCl pellet into an extractable suspension. Incom­
plete extraction was probably caused by aggregation of cell segments since 
a homogeneous suspension is necessary for effective extraction of myo­
fibrillar proteins from cell segments (Kono and Colowick, 1961). 
The pronounced tendency for cell segments to aggregate was also ob­
served by Koketsu et al. (1964), who modified Kono and Colowick's original 
procedure in an attempt to obviate such aggregation. Koketsu's modified 
procedure (Koketsu et al., 1964) was refined further by Abood et al. (1966). 
Therefore, the next attempts to isolate sarcolemmal membranes by high 
ionic-strength extraction procedures followed the procedure described 
by Abood and associates (1966). This procedure involves homogenization 
in 10 vol. of 50 mM CaCl2 adjusted to pH 7.0 with NaHCO^, followed by 
extraction of the contactile proteins with 1000 ml of 0.4 M LiBr for 
20-24 hr. The 0.4 M LiBr suspension is then centrifuged at 70 x g^ to 
remove connective tissue and unemptied cell segments, and the resulting 
supernatant is centrifuged at 900 x £ for 5-10 min. The sarcolemmal 
sediment is washed once in 0.4 M LiBr, and is pelleted at 900 x ^  for 15 
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min. The resulting fraction will be referred to as the "LiBr fraction" 
because a number of different approaches were used in attempts to purify 
this fraction. In Abood's original procedure, sarcolemmal membranes 
from bullfrog muscle were purified by two, 2-hr extractions in 0.6 M KCl 
after the LiBr extraction. 
Phase microscopic observations of the "LiBr fraction" revealed that 
Abood's procedure (Abood et al., 1966) resulted in a less aggregated 
preparation that contained more empty tubular membrane segments than 
could be obtained by using Kono and Colowick's method (Kono and Colowick, 
1961). The absolute extent of extraction obtained with Abood's procedure, 
however, could not be critically determined since aggregates containing 
both empty and unemptied cell segments were still present in amounts 
sufficient to make microscopic evaluation difficult. Phase microscopic 
examination of the first preparations made by Abood's method also showed 
that these fractions contained large amounts of unidentifiable structures. 
Although it was originally believed that these structures originated from 
the vigorous stirring necessary to resuspend the "LiBr fraction", it 
was discovered in later experiments that homogenization time influenced 
the degree of frag»"er>tgcion of cell segments. Decreasing homogenizaticn 
time from 30 sec, as originally described by Abood £t jd. (1966), to 
10-15 sec resulted in a less fragmented preparation with no evident ef­
fect on the effectiveness of myofibrillar protein extraction from the 
cell segments. In experiments using repeated 10-15 sec homogenizations, 
both long and short empty tubular membrane segments were observed. 
During the early phases of these experiments, it was discovered 
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that aggregation of cell segments during high ionic-strength extraction 
could be minimized if the sediment was first suspended in 10 mM Tris, 
and 10 M LiBr was then added slowly to make the final LiBr concentration 
in the extraction medium 0.4 M, Moreover, it was found that increasing 
the time of centrifugation at 70 x ^  from 1-2 min to 3-5 min was also 
effective in minimizing aggregation in the "LiBr fraction". However, 
because the cell segments were longer due to shorter homogenization time, 
increasing centrifugation time tended to sediment not only aggregates 
and unemptied cell segments but also the longer, emptied cell segments. 
Hence, centrifugation at 70 x ^  had to be maintained at 1-2 min as 
originally described by Abood al. (1966), 
Since high ionic strength methods depend on direct solubilization of 
myofibrillar proteins, the problem of incomplete myofibrillar protein ex­
traction is the major obstacle to attaining a preparation of high 
"microscopic purity". "Microscopic purities" of 10-247» were usually 
found in "LiBr fractions" made by the procedure described earlier but 
including an additional 2-hr extraction in 0.5 M KCl. It should be pointed 
out that these and subsequent percentages reported for microscopic purity 
can be biased downward because; 1) empty membrane segments clumped to­
gether with unemptied cell segments were not included in the count, and 
2) cell segments which appeared questionable or partly emptied were con­
sidered unemptied. Microscopic purity was not affected when 10 mM CaCl^, 
which has been shown to enhance actomyosin extraction (Chaudhry, 1969), 
was added to the LiBr extraction medium. Aging intact muscle tissue 
for 2^ hr prior to homogenization, however, seemed to increase the 
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effectiveness of myofibrillar protein extractibility by LiBr. Strangely, 
when muscle tissue was homogenized in 0.25 M sucrose, 0.01 M Tris (pH 
7.0) in the presence of 1.5 or 10 mM CaCl2, and the cell segment myo­
fibrillar proteins extracted with 0.4 M LiBr containing 10 mM CaCl2, 
"microscopic purity" of the resulting fractions was improved and con­
sistently ranged from 28-337». Furthermore, these fractions contained 
significant amounts of empty cell segments clumped with uneraptied segments 
as well as large numbers of partly emptied cell segments. 
During the latter phases of experiments using Abood's method (Abood 
et al., 1966), efforts were directed toward finding methods suitable for 
purification of the "LiBr fractions". The first attempts showed that 
purification by two, 2-hr extractions in 0.6 M KCl, as originally 
described by Abood et al. (1966), tended to exaggerate aggregation of cell 
segments and had no detectable effect on the proportion of empty cell 
segments, Centrifugation through a sucrose gradient, on the other hand, 
did result in some separation of empty from unemptied cell segments. 
Table 2 shows the "microscopic purities" of four of the most successful 
attempts to use sucrose gradients to purify sarcolemmal membrane prepara­
tions. The preparation method, kind of gradient used, and centrifugation 
times and forces used are briefly described in footnotes to Table 2. As 
shown in this table, "microscopic purity" can be increased two to three­
fold by using either continuous or discontinuous sucrose gradients. Long, 
empty cell segments, however, sediment rapidly even through sucrose 
gradients and are therefore found in bands in front of the short empty 
cell segments. This causes many empty cell segments to appear in lower 
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Table 2. "Microscopic purity" of some sarcoleramal preparations before 
and after sucrose gradient centrifugation 
Experiment number 
1-36* 1-37% 1-42^ 1-43^ 
Before gradient 23.6% 18.3% 30.0% 28.6% 
After gradient 
Band 1 
Band 2 
Band 3 
Band 4 
48.2% 49.0% 
31.3% 
41.7% 
24.3% 
23.0% 
52.2% 
e 
27.9% 
15.1% 
^Preparation procedure; Muscle tissue was homogenized in 50 mM 
CaCl2 and the myofibrillar proteins extracted with 0.4 M LiBr followed by 
extraction in 0,5 M KCl for 2 hr. The resulting fraction was layered on 
a continuous sucrose gradient (20%—» 60%) containing 0.3 M NaCl and 
centrifuged at 4276 x £ for 30 min. 
^Preparation procedure was the same as in Experiment 1-36 except 
that the sarcoleramal fraction was layered on a continuous sucrose gradient 
(30%—> 60%) containing 0.15 M NaCl, 0.01 M Tris (pH 7.65) and centrifuged 
at 4276 x ^  for 30 min. 
^Preparation procedure was the same as in Experiment 1-36 except 
that muscle tissue was homogenized in 0.25 M sucrose, 5 mM Tris-Hepes 
(pH 7.4), 5 mM CaCl2. The sarcoleramal fraction was layered on a dis­
continuous sucrose gradient (30%/40%/50%/60%) containing 5 mM Tris-Hepes 
(pH 7.4) and centrifuged at 4276 x £ for 60 min. 
^Preparation procedure and sucrose gradient was the same as in Ex­
periment 1-42 except that centrifugation was done for 90 min. 
®After recovering the band, sample was too dilute to obtain an ac­
curate count. 
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bands where sucrose concentration was greater, bands 2, 3, and 4 
in Experiment 1-42 and 1-43, Table 2. In addition, aggregates containing 
both empty and unemptied cell segments were found pelleted at the bottom 
of the centrifuge tube. Hence, obtaining cell segments of uniform length 
and maintaining these cell segments in a nonaggregated state are two 
prerequisites necessary for successful sucrose gradient purification of 
sarcolemmal membranes. It may also be necessary that a high percentage 
of the cell segments be empty if density gradient purification is to be 
successful. Aggregation of cell segments appeared to increase following 
centrifugation in sucrose gradients containing no salt, although this ob­
servation needs to be confirmed. When aggregation occurred in sucrose 
density gradients, large clumps of material were found at various inter­
faces in discontinuous gradients, or were suspended at some distance from 
the original sample layer in continuous sucrose gradients depending on 
the centrifugation time and force used. Higher forces or longer centrifuga­
tion times sometimes caused complete sedimentation of these aggregated 
samples. On the other hand, bands appeared distinct and homogeneous in 
gradients containing sait in the amounts described in the footnotes to 
Table 2. 
Low ionic strength methods 
The procedure reported by McCollester (1962) provided the basis for 
initial attempts to prepare a sarcolemmal fraction by using low ionic 
strength solutions to remove myofibrillar proteins. Briefly, McCollester's 
procedure entails repeated 10-sec homogenizations of muscle tissue in 50 
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mM CaCl2 followed by washing the resulting fiber segments three times 
in 25 mM NaCl, 2.5 mM histidine, pH 7.4. After the third wash, cell 
segments are suspended in 25 mM NaCl, 2.5 mM histidine, pH 7.4, and 
incubated at 37°C for 30 min. The cell segments are then washed an 
additional five times with the NaCl-histidine solution before the 
myofibrillar proteins are removed .by washing with water adjusted to 
pH 7.4 to 7.8 with solid Tris. In the experiments described here. Tris 
was substituted for histidine, and since McCollester did not give the 
centrifugal forces necessary to sediment cell segments, 2000 x £ for 
5-7 sec was used in all experiments; this centrifugal force was obtained 
by examination of Westort and Hultin's data (Westort and Hultin, 1966). 
Although the format described by McCollester (McCollester. 1962) 
was followed as closely as possible, several problems were encountered 
in solubilizing the actomyosin gel with Tris-buffered water. McCollester 
(1962) reported that four to five extractions with Tris-buffered water 
would completely remove actomyosin from the cell segments. But, in the 
present study, it was observed that volume of the cell segments increased 
after two or three Tris-water washes, and remained constant even after 
five washes instead of decreasing as indicated by McCollester. Attempts 
to solubilize actomyosin from the swollen cell segments by using vigorous 
mechanical stirring for as long as 12 hr at 2°C or by using homogeniza-
tion in a Waring Blender for 1 min resulted in no appreciable decrease 
in volume of the swollen gel. Therefore» in initial experiments, the 
swollen, actomyosin-containing gel was stirred overnight in 0,5 M KCl, 
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0.2 M Tris (pH 8.0) to remove as much actomyosin as possible from the 
cell segments. Phase microscopic observations showed that although some 
emptying of actomyosin from the cell segments had occurred, the extent 
of emptying could not be determined because of excessive aggregation 
of the cell segments. The unaggregated cell segments observed in these 
preparations usually had no striations but contained vesicular structures 
entrapped within them. Figures 1 and 2 show examples of these unag­
gregated cell segments as observed in the phase microscope. Cell seg­
ments shown in Figure 2 posed a problem in deciding whether they were 
empty or unemptied. Cell segments that could definitely be counted as 
emptied appeared structurally similar to the tubular segment shown in 
Figure 13, except that they were shorter than those shown in either 
Figures 2 and 13. An amorphous material, probably unextracted actomyosin, 
was also frequently observed in the spaces adjacent to the cell segments 
in these preparations. 
Further attempts to modify McCollester's procedure by incorporating 
a final high ionic-strength extraction of the myofibrillar proteins were 
only partly successful and resulted in preparations similar to those 
obtained in previous experiments. These additional attempts involved 
several variations, including mincing muscle tissue prior to homogeniza-
tion and changes in composition of the homogenization mediisr. and wash 
solutions. In all experiments, the minced, or homogenized, muscle tissue 
was washed three times, incubated at 37°C for 30 min, and washed an addi­
tional five times in the same salt solution as that used for the initial 
washes. Following the five post-incubation washes, the cell segments 
Figure 1. Phase micrograph of an unemptied cell segment commonly found 
in fractions made by low ionic-strength methods followed 
by extraction with 0.5 M KCl. Note the vesicular struc­
tures entrapped within the cell segment. X450. 
Figure 1 ,  Phase micrograph of a cell segment characteristic of 
preparations made by  methods described in Figure 1. This 
kind of cell segments posed a problem in deciding whether 
to consider it empty or unempty, X450, 
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were washed three times in Tris-buffered water, the swollen sediment 
suspended in a 0.5 M KCl solution, and the suspension allowed to stir 
overnight. The resulting pellet was then washed once in the same 0.5 M 
KCl solution. The combinations of homogenization medium, pre- and 
post-incubation wash solutions, and high ionic strength KCl solutions 
used respectively in these experiments were; 1) 25 mM KCl, 0.039 M 
borate (pH 7.2); 25 mM KCl, 10 mM Tris (pH 7.65); 0.5 M KCl, 0.2 M Tris 
(pH 8.0), 10 mM CaCl2; 2) 0.25 M sucrose, 50 mM Tris (pH 7.65), 10 mM 
CaClz: 25 mM KCl, 10 mM Tris (pH 7.65), 5 mM CaClz; 0.5 M KCl, 0.2 M 
Tris (pH 8.0), 10 mM CaCl2; 3) 0.25 M sucrose, 50 mM Tris (pH 7.2), 
5 mM CaCl2; 25 mM NaCl, 5 mM Tris (pH 7.2); 0.5 M KCl, 0.1 M Tris (pH 7.2); 
and 4) 0.25 M sucrose, 50 mM Tris (pH 7.2), 5 mM CaCl?; 25 mM NaCl, 
5 mM Tris (pH 7.2), 5 mM CaCl2; 0.5 M KCl, 0.2 M Tris (pH 8.0), 10 mM 
CaCl2. It was noticed throughout these experiments that CaCl2 in the 
pre- and post-incubation washes had marked effects on swelling properties 
of the cell segments when washed in Tris-water, When CaCl2 was absent 
from the wash solutions, a slight amount of swelling was observed during 
the post-incubation washes, and a substantial increase in viscosity and 
volume of the sediment was seen after the first Tris-water wash and 
centrifugation. On the other hand, when CaCl2 was included in the wash 
solutions, no significant swelling occurred even after three washes in 
Tris-buffered water. McCollester (1962) observed that addition of water 
initially causes the contractile apparatus to lose its striated ap­
pearance, and afterwards causes extrusion of the myofibrillar proteins 
from the cell segments. Extrusion of the contractile proteins is seen 
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macroscopically as a swelling and concomitant increase in viscosity of 
the sediment during the Tris-water washes. Since swelling signifies 
cell emptying, the empty cell segments observed in preparations where 
CaCl2 was present in the wash solutions and which therefore did not 
swell during Tris-water washing, can be attributed mostly to extraction 
with 0.5 M KCl. The observations made in the present study support 
Stanley and Hultin's (Stanley and Hultin, 1968) suggestion that buffered 
salt washes are necessary to remove any Ca^"^ used in the homogenizing 
2+ 
medium from the cell segments; otherwise, this Ca forms an insoluble 
2+ 
complex with actomyosin and prevents its extraction with water. Ca 
is normally included in the homogenizing medium because Hultin and co­
workers (Hultin and Westort, 1969b) have shown that such inclusion of 
24-Ca increases microscopic purity of the resulting preparations. 
24* 
McCollester and Semente (1964) reported that for Ca to be effective 
when introduced after homogenization, HCO^" must also be present. It 
should be noted that McCollester and Semente homogenized their muscle 
tissue in 25 mM NaCl before adding CaCl2 and 20 mM KHCO^ to the wash 
solutions. 
Both McCollester (1962) and McCollester and Semente (1964) sug­
gested that the transformation of contractile proteins from a water 
insoluble to water-soluble state involved a "cytoskeleton" breakdown; 
the 'fcytoskeleton" consisted primarily of the sarcoplasmic reticulum and 
the Z-line. Recently. Busch (1969) showed that holding muscle strips 
2+ isometrically in Ca -containing solutions caused complete removal of 
Z-lines. These observations together with Westort and Hultin's finding 
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(Westort and Hultln, 1966) that aging muscle promotes cell emptying 
provided the background for the next two experiments. In the first 
experiment, intact muscle tissue was aged in 80 mM KCl, 60 mM Tris-
acetate (pH 7.0), 5 mM MgCl2, 5 mM CaCl^, 1 mM NaNg (Busch, 1969) for 
4 hr at 2°C prior to homogenization. The format described by McCollester 
(1962) was then followed except that the diced muscle tissue was 
homogenized in 0.25 M sucrose, 50 mM Tris (pH 7.65), 1 mM EDTA. In the 
second experiment, muscle tissue was diced immediately after excision 
and the preparation procedure carried out as described in the preced­
ing experiment. During these experiments, no attempt was made to com­
plete solubilization of the viscous actonyosin-containing gel by using 
0.5 M KCl. 
Although no final sarcolennnal preparation was obtained from these 
two experiments, two observations were made that were valuable in eventu­
ally devising a procedure for preparation of purified sarcolemmal mem­
branes. 1) Following centrifugation at 2000 x ^  for 5-10 sec during 
both pre- and post-incubation washes, the sediment contains an upper, 
white, fluffy layer and a lower, light brown pellet. Phase microscopic 
examination showed that the white, fluffy layer contained loose nyo-
fibrils and unidentifiable substances. Since swelling during Tris-water 
extraction is due to hydration of the myofibrillar proteins, discarding 
the white, fluffy layer should minimize the volume of swollen material 
obtained during Tris-vater washing. 2) The second observation involved 
the previously described difficulty in solubilizing actomyosin during 
Tris-water washes. When muscle samples that had been aged intact were 
59 
used, three liters of a viscous, unsedimentable suspension (2000 x 
30 min ) was obtained after six Tris-water washes, regardless of aging 
temperature. Phase microscopic examination of a sample taken from 
this suspension showed that empty cell segments were still entrapped in 
an amorphous material; this indicated that dissolution of the myofibrillar 
protein had not occurred and that the swollen myofibrillar proteins were 
entrapping the emptied sarcolemmal membranes. Based on this observation, 
it was surmised that aging intact muscle tissue prior to preparation 
inhibits dissolution of myofibrillar proteins. Although this speculation 
was not verified, an effort was always made to process fresh muscle 
tissue as quickly as possible. 
In an attempt to liberate cell segments entrapped in the viscous 
actomyosin gel, ATP was added to the gel, following a procedure first 
described by Rosenthal et al. (1965). Preparations made with these 
early low ionic-strength procedures were 40-50% "microscopically pure", 
and aggregation of cell segments was not as extensive as seen previously 
when using the high ionic-strength procedures. After a series of 
r r i a l s .  T r %  e a i n  A Y n A r i e n c e  w i f H  t - V i o  1 - i r \ y r \ r *  a - n r i  t r y  
adapt this procedure to large scale preparation of sarcolemmal membranes, 
the modified procedure shown in Figure 3 was developed; this procedure 
will hereafter be denoted as Method I for purposes of convenience. 
Method I 
Steps I through IV in Method I are very similar to those in Method 
II (Figure 4), and these steps will be described in more detail when 
60 
Method II is discussed. Method I is similar to the procedure first 
described by Rosenthal and associates (Rosenthal et al., 1965), with 
the following major changes; 1) addition of 25 mM KCl to the homo­
genizing medium, 2) 5 mM hepes was used in place of 2.5 mM histidine, 
and 3) use of centrifugation at 50 x ^  for 1 min during the post-
incubation washes. In Rosenthal's original procedure (Rosenthal et al. 
1965), the suspension was allowed to settle in 50 ml centrifuge tubes 
at 0°C for 5 min before aspirating off the supernatant. In the present 
study, no settling was observed, even after 15 min, although Rosenthal's 
procedure was followed carefully. It was also found in later experiments 
that pH of the 2.5 x 10~^ N NaOH solution used by Rosenthal and associ­
ates ranged from 6.0 to 6.5 Thus KHCO^ was used to maintain the pH of 
water above 7.0; KHCO^ concentration is approximately 0.25 mM at pH 7.8. 
Following the fifth post-incubation wash and centrifugation at 50 x g, 
the sediment in each of two, 250-ml centrifuge bottles was brought up to 
approximately 200 ml with KHCO^-water and centrifuged at 2000 x ^  for 
7 min. This causes no drastic change in volume or viscosity of the sedi­
ment, but after one or two more washes in the same KHCO^-water solution, 
the sediment swells markedly and concomitantly increases in viscosity. 
After the second or third wash with KHCO^-water, volume of the sediment 
is about 200 ml in each bottle. The contents of each bottle are then 
divided between two 250 ml centrifuge bottles, the sediment in each bottle 
diluted to 200 ûil with KKCO-j-water, and centrifuged for 10 min at 2000 x £. 
After one or two more washes in KHCO3-water, the swelling process ceases. 
Ten-ml aliquots of the actomyosin gel are then mixed with 1 ml of 2 mM 
Figure 3. Flow sheet showing the isolation of sarcolemmal membranes 
by Method I. Volumes of homogenizing and wash solutions 
used through step IV are based on the original weight of 
muscle tissue used. 
62 
Superiiatant 
(discard) 
Supernatant 
(discard) 
I 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
Supernatant 
(discard) 
f 
Supernatant 
(discard) 
I. Muscle tissue (50-60 gm). 
a) Diced muscle tissue homogenized in a Waring 
Blender for 10 sec. with 4 vol (v/w) of 25 
mM KCl, 50 mM CaCl2. 
b) Homogenate filtered through a nylon strainer. 
c) Repeat (a) and (b) two or three times on 
residue after straining. 
d) Centrifuge at 2000 x ^  for 30 min. 
II. Sediment 
a) Suspend in 2 vol of 45 mM KCl, 30 mM KHCO^, 
5 mM Hepes, pH 7.2 
b) Centrifuge at 2000 x g for 5-10 min. 
c) Repeat (a) and (b) two more times. 
III. Sediment 
a) Suspend in 2 vol of 45 mM KCl, 30 mM KHCG^, 
5 mM Hepes, pH 7.2. 
b) Incubate in a shaking water bath for 30 min. 
at 37OC. 
c) Centrifuge at 50 x ^  for 1 to 2 min. 
IV. Sediment 
a) Suspend in 6 vol of 45 mM KCl, 30 mM KHCO^, 
5 mM Hepes, pK 7.2. 
b) Centrifuge at 50 x £ for 1 min. 
c) Repeat (a) and (b) four more times. 
r 
V. Sediment 
a) Suspend in KHCOo-buffered water (pH 7.8). 
b) Centrifuge at 2000 x £ for 7-10 min. 
c) Repeat (a) and (b) four or five more times. 
VI. Sediment (actomyosin gel) 
a) Add 1 ml of 2 mM ATP to 10 ml aliquots of gel 
b) Dilute to approximately 200 ml with cold 
deionized water. 
c » Centrifuge at 2000 x e for 10-15 min. 
; 
VII. Pooled sediment 
la) Suspend in 2-3 vol. of cold deionized water, 
jb) Centrifuge at 2000 x ^  for 10 min. 
jc) Repeat (a) and (b) two more times. 
VIII. Sediment - Sarcolemmal preparation. 
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ATP and diluted to approximately 200 ml with cold deionized water. The 
mixture is centrifuged, the supernatant discarded, and the sedimented 
material from each bottle pooled into one 250-ml centrifuge bottle and 
washed three times with cold deionized water to remove residual ATP. 
Although the use of ATP greatly facilitated sedimentation of 
sarcolemmal tubules from the actomyosin gel, dissolution of the gel was 
still incomplete following Step VI (Figure 3). The additional washes 
in cold deionized water (Step VII) reduced volume of the sediment, but a 
viscous gel was still present. Examination of these preparations by phase 
microscopy revealed an amorphous background material. However, as shown 
in Table 3, preparations 80-86% "microscopically pure" could be obtained 
by using Method I. The presence of partly emptied cell segments, which 
were considered unemptied, and aggregated material containing both empty 
and unemptied cell segments were principally responsible for keeping 
"microscopic purity" of these preparations below 90%. 
Very recently, Peter (1970) described a modified sarcolemmal prepara­
tion procedure based on hypotonic disruption and extraction of muscle 
cells. This procedure was very similar to the low ionic strength pro­
cedure reported by McCollester (1962) and Rosenthal et al. (1965), 
except that 0.01 mM EGTA (pH 7.0) was used to solubilize the actomyosin 
gel instead of 2.5 x 10"' N NaOH or buffered water. The EGTA extraction 
was followed by washes in O.I mM ATP to remove residual actomyosin. 
Since Steps I through IV in Method I are very similar to those described 
by Peter (1970), it was easy to test the etfect of using 0.01 mM EGTA 
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in place of KHCO^-water in the extracting medium. Dissolution and ex­
traction of actony OSin could be obtained by using 0.01 mM EGTA if 2-3 
ml of the washed cell segments (Step IV, Method I) were transferred 
into a 250-ml centrifuge bottle and then diluted to approximately 250 
ml with 0.01 mM EGTA, Under these conditions, the marked swelling and 
dissolution phenomena described by McCollester (1962) is observed. 
Sarcolemmal preparations made with 0.01 mM EGTA, however, were extensively 
aggregated and required homogenization with a Polytron ST20 homogenizer 
(Brinkmann Instruments, Inc., Santa Monica, California) to obtain a sus­
pension that could be pipetted accurately. Such homogenization dis­
rupted and disintegrated the tubular membrane structure characteristic 
of empty cell segments and prevented assessment of "luicroscopic purity." 
When Tris was substituted for EGTA, a less aggregated and more pipettable 
suspension could be obtained without Polytron homogenization. Part of 
the tendency of 0.01 mM EGTA to induce aggregation may originate from its 
inability to maintain pH of water above 7.0. 
Method II 
The experience that led to development of Method I (Figure 3) to­
gether with some of Peter's findings (Peter, 1970) led finally to develop­
ment of a second method. Method II (Figure 4) for preparation of sar­
colemmal membranes. This method was used to make all sarcolemmal prepara­
tions subsequently described in this investigation, and its features 
will be discussed in detail. 
Phase microscopy showed that the sediment after Step I (Figure 4) 
Figure 4. Flow sheet showing the isolation of sarcolemmal membranes 
by Method II. Volumes of homogenizing medium and wash 
solutions used through Step IV are based on original weight 
of muscle tissue used. 
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I. Muscle tissue (50-60 gm) 
a) Diced tissue homogenized in a Waring Blender 
for 10 sec. with 4 vol (v/w) of 25 mM KCI, 
50 mM CaClg. 
b) Homogenate filtered through a nylon strainer. 
c) Repeat (a) and (b) two or three times on 
residue left after filtering, 
d) Centrifuge at 1000 x ^  for 30 sec. 
Supernatant II, 
(discard) 
1 
Supernatant III, 
(discard) 
Sediment 
a) Suspend in 2 vol of 45 mM KCI, 30 mM KHCO^, 
5 mM Hepes, pH 7,2. 
b) Centrifuge at 600 x ^  for 15-45 sec. 
c) Repeat (a) and (b) two more times. 
1 
I 
Supernatant IV, 
(discard) 
Sediment 
a) Suspend in 2 vol, of 45 mM KCI, 30 mM KHCO3, 
5 mM Hepes, pH 7.2. 
b) Incubate in a shaking water bath for 30 min at 37 C. 
c). Centrifuge at 50 x for 30 sec and remove super-
natant by aspiration. 
1 
Supernatant V, 
(discard) 
Supernatant VI. 
(discard) 
Supernatant VII, 
(discard) 
1 
Sediment 
a) Suspend in 8 vol. of 45 mM KCI, 30 mM KHCO3, 
5 mM Hepes, pH 7,2. 
b) Centrifuge at 50 x for 15-45 sec and remove 
supernatant by aspiration, 
c) Repeat (a) and (b) four more times, 
1 
Sediment 
a) Transfer 2-3 ml of the sediment into 250-ml 
centrifuge bottles (16). 
b) Fill centrifuge bottles with Tris-buffered 
water, pH 7.4-7.6, suspend by use of a stirring 
rod and gentle agitation. 
c) Centrifuge at 2000 x £ for 10-15 min. 
;d) Repeat (b) end (c) five or six more times. 
Sediment 
a) Sediment of 16 bottles are pooled into one 250-
ml centrifuge bottle, 
b) Suspension drawn into and expelled three times 
from a 20 cc glass syringe. 
c) Centrifuge at 2000 x £ for 10-15 min. 
Sediment 
a) Transfer to 50-ml centrifuge tube. 
b) Suspend in 30 ml of 0.1 mM ATP by use of a 
stirring rod. 
c) Centrifuge at 3500-5000 x ^  for 10 min. 
d) Repeat (b) and (c) two more times. 
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I 
Supernatant 
(discard) 
i. 
VIII. 
Supernatant 
(discard) 
Sediment 
a) Suspend in 30-40 ml of 10 mM Hepes, pH 7.2. 
b) Centrifuge at 3500-5000 x £ for 10 min. 
c) Repeat (a) and (b) two more times. 
Sediment = sarcoleranal preparation. 
Figure 4 (CouLinued) 
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contained short muscle cell segments (Figure 5), myofibrils freed from 
the muscle cell, and other cellular debris. When the sedimented ma­
terial is suspended in 2 volumes of 45 mM KCl, 30 mM KHCO^, 5 mM Hepes 
(pH 7.2) and centrifuged at 600 x ^  for 15-45 sec, the resulting pellet 
appears light brown with a white, fluffy layer containing myofibrils 
lying over it. The white, fluffy layer can be decanted along with the 
cloudy supernatant leaving cell segments that appear structurally similar 
in the phase microscope to those seen after the first sedimentation (cf. 
Figures 5 and 6). Even after the third preincubation wash (Step II, 
Figure 4), striations are evident in the cell segments (Figure 7), and 
myofibrils removed from the muscle cell and lying in the medium around 
the cell segments still contain Z-lines and appear structurally similar 
to myofibrils prepared immediately after death (inset, Figure 7). 
After incubation at 37° for 30 min (Step III, Figure 4), cell seg­
ments appear slightly disrupted with their ends being expanded and frayed 
(Figure 8). The striated appearance seen in Figures 6 and 7 is now 
not as regular, although it is still clearly present. McColIester (1962) 
and McColIester and Semente (1964) previously reported that incubation 
is an essential prerequisite for maximal cell emptying and suggested 
that when intact, the sarcoplasmic reticulum and Z-lines, which Lhey 
referred to collectively as the "cytoskeleton", protects the contractile 
apparatus from dissolution by water, presumably acting as a network, to 
bind individual myofibrils together. McColIester and coworkers 
(McColIester, 1962; McColIester and Semente, 1964) suggested that 
endogenous Ca2+-dependent eni.yme,-: are activated during incubation and 
Figure 5. Phase micrograph of a muscle cell segment following 
homogenization and centrifugation at 1000 x £ for 30 
seconds (Step I, Method II). X450. 
Figure 6. Phase micrograph of a muscle cell segment after the 
second pre-incubation wash (Method II). X450. 
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Figure 7. Phase micrograph of a muscle cell segment following the 
third pre-incubation wash. X450. Inset (lower left) 
is a phase micrograph of a typical myofibril found after 
the third pre-incubation wash, (Method II). Note the 
presence of Z-lines. X1800. 
Figure 8. Phase micrograph of a muscle cell segment after incubation 
at 37°C for 30 minutes, (Method II). X450. Inset (lower 
left) is a phase micrograph of a myofibril freed from the 
muscle cell and found in the sediment. Note the presence 
of faint Z-lines. X1800. 
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are responsible for degradation of the "cytoskeleton" allowing the 
myofibrils to disperse and permitting water dissolution of the myofibril­
lar proteins. The resolution obtainable with the phase microscope does 
not permit evaluation of integrity of the sarcoplasmic reticulum in 
Figure 8, but it was observed that Z-lines were absent from some, but 
not all, of the broken myofibrils sedimented after the incubation step 
(inset, Figure 8), Supercontracted myofibrils with sarcomere lengths 
of 1.3 fi or less were observed in the sediment after the incubation step. 
Although cell segments did not appear extensively disrupted im­
mediately after the 37° incubation step, such disruption became in­
creasingly obvious during the post-incubation washes (Step IV, Figure 
4). It should be noted that cell segments in all stages of disruption, 
from severely disorganized (Figure 9) to only slightly disorganized 
(Figure 10) could be seen after each of the five post-incubation washes. 
However, the severely disrupted segments typified by Figure 9 became in­
creasingly prevalent, and the less severely disorganized segments typi­
fied by Figure 10 became progressively less frequent as the post-
incubation washes proceeded. The most characteristic feature of dis­
rupted cell segments was the fraying or "flowering" effect that occurred 
at ends of the segments (left side of Figure 9). Rosenthal £t al. (1965) 
have interpreted this effect as originating from myofibrils being ex­
truded from the cell segments. 
Although Z-lines were present in many of the myofibrils immediately 
after incubation (Figure 8), the proportion of sarcomeres containing 
Figure 9. Phase micrograph of a muscle cell segment after the second 
post-incubation wash (Method II). This micrograph shows 
an example of a structurally disrupted cell seen frequently 
at this stage, X450. 
Figure 10, Phase micrograph of a muscle cell segment after the fifth 
post-incubation wash (Method II). This micrograph shows 
a cell segment that is not structurally disrupted; such 
cell segments were seen infrequently at this stage, X450. 
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Z-lines decreased progressively with post-incubation washing (Figure 
11). After five post-incubation washes, most myofibrils had no Z-lines, 
and in those instances where a Z-line could be observed, it was less 
dense than normal and was barely discernible. 
During all pre- and post-incubation washes, it is advantageous to 
remove as many myofibrils as possible and discard them with the super­
natant, Removal of myofibrils decreases the amount of swollen material 
obtained during water extraction and makes it technically easier to ob­
tain complete dissolution of the remaining contractile proteins. Myo­
fibrils, once freed from the muscle cell, are most easily removed by 
careful regulation of centrifugal times and forces and by immediate as­
piration of the supernatant after centrifugation. 
After the fifth post-incubation wash, the loose pellet is stirred 
with Tris-buffered water to form a homogeneous suspension (Step V, Figure 
4). After centrifugation at 2000 x ^  for 10 min, the sediment is five­
fold larger in volume and markedly more viscous than it was before the 
Tris-water wash. Phase microscopic examination of this sedimented ma­
terial shows that all striations and fibrillar characteristics previously 
observed in the cell segments are gone, and the cell segments appear to 
be expelling an amorphous material which in turn entraps the emptied cell 
segments (Figure 12). The bottles containing the viscous sediment are 
again filled with Tris-water, and the sediment suspended first by stir­
ring and then by gently shaking. Centrifugation of this suspension pro­
duces an opaque sediment which occupies approximately one-third the total 
volume of each bottle. The supernatant is removed by aspiration, and 
Figure 11, Phase micrograph of myofibrils observed during post-
incubation washes (Method II). Myofibrils in the upper 
part of the micrograph are supercontracted, and Z-line 
integrity cannot be evaluated in these myofibrils. The 
myofibril in the lower part of the micrograph, however, 
contains no Z-lines. X1800. 
Figure 12. Phase micrograph of a cell segment following the first 
Tris-buffered water wash (Method II). An amorphous 
material appears to be flowing out the left side of this 
cell sêgiuenL. X450. 
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the sediment again treated with Tris-buffered water. Sediment from the 
third Tris-buffered water extraction appears less dense than before 
and fills about one-half to two-thirds the total volume of the bottle. 
Two or three more washes results in a small white pellet surrounded by 
a narrow layer of clear viscous material which does not become evident 
until the supernatant is removed. The pellet together with the viscous 
material is drawn into and expelled from a 20 cc glass syringe several 
times (Step VI, Figure 4) to extrude the final small amounts of protein 
and nuclei remaining within the cell segments (McCollester, 1962). This 
suspension is then treated with ATP (Step VII, Figure 4) to remove the 
last traces ot viscous material remaining with the sarcolemmal pellet. 
After washing out.the ATP (Step VIII, Figure 4), the sarcolemmal mem­
branes are finally suspended in 10 mM Hepes, pH 7.2, and stored in ice 
for subsequent microscopic evaluation and chemical determinations. 
Phase and Electron Microscopic Observations 
Empty cell segments made by either Method I or Method II appear 
tubular and transparent in the phase microscope (Figure 13). Cccasior.= 
ally, cable-like structures were observed coiled around the external 
surface of empty tubular membrane segments; these structures were not 
seen on the surface of cell segments before emptying. Kono and Colowick 
(1961) observed similar cordlike structures on sarcolemmal tubules 
isolated by high ionic strength methods, Unemptied cell segments, on 
the other hand, were striated in appearance (Figure 14) and, on occasion. 
Figure L'î. Phase micrograph of a typical empty cell segment found in 
sarcolemmal preparations made by Methods I or II. X450. 
Figure 14. Phase micrograph of an unemptied cell segment found in 
sarcolemmal preparations made by Methods I or II. X450. 
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contained an amorphous substance resembling that shown in Figure 12 
entrapped within the tubular segments. It was not uncommon to find cell 
segments partly emptied of their internal contents; these cell segments 
were considered unemptied when assessing "microscopic purity." Only 
nonaggregated, empty and unemptied cell segments were counted when de­
termining "microscopic puzity" of sarcolemmal preparations. 
Table 3. "Microscopic purity" and yields^ of representative sarco­
lemmal preparations made by two different methods 
Method I Method II 
Sample 
number 
"Microscopic 
purity", 7o Yield 
"Microscopic 
purity", % Yield 
1 79.8 1.464 74.8 2.083 
2 80.0 1.543 85.1 1.052 
3 82.6 1.204 85.7 0.756 
4 82.7 0.702 88.5 0.682 
5 82.9 1.422 90.8 0.547 
6 84.6 0.641 92.4 0.705 
7 85.9 0.356 94.3 0.804 
^Expressed as mg of sarcolemmal protein per gm of fresh tissue. 
Table 3 compares the "microscopic purities" and yields of some 
sarcolemmal preparations made by either Method I or Method II. As indi­
cated earlier, "microscopic purities" of 80-867. were routinely obtained 
by using Method I, but sarcolemmal fractions made by using Method II 
usually had "microscopic purities" of 85-947.. Phase microscopic 
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examination also revealed certain features of these sarcolemmal 
preparations which "microscopic purity" did not. First, it was not 
uncommon to find many apparently empty cell segments clumped together 
with a few unemptied fiber segments. Since cell segments in these 
aggregates were not counted, "microscopic purity" of the preparations 
may be higher than reported, especially in sarcolemmal fractions made 
by Method II where this type of clumping was most frequently observed. 
Secondly, "microscopic purity" does not take into account contaminating, 
unidentifiable material seen in the background during the counting 
process. For example, as indicated earlier, preparations made by Method 
I frequently contained amorphous material resembling an actonyosin gel. 
In sarcolemmal preparations made by Method II. only trace amounts of 
this amorphous material were usually observed. These observations 
probably account for the fact that Abood et al. (1966) reported micro­
scopic purities over 95% even though other evidence indicated that 
Abood*s preparations were not nearly as pure as those made in the present 
study. After obtaining some experience with the procedures, yield of 
emptied tubules was quite closely related inversely to "microscopic 
purity". Thus, it would appear that "specific purity", defined as 
number of empty cell segments per unit protein (Kono and Colowick, 1961; 
Westort and Hultin, 1966; Hultin and Westort, 1969b), may be a better in­
dicator of purity in sarcolemmal preparations than "microscopic purity". 
Yields of sarcolemmal preparations made by Method II were comparable to 
those reported by McCollester, but were five to six times higher than 
those reported by Kono and Colowick (1961) and Westort and Hultin (1966). 
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Electron micrographs of sarcolemmal preparations made by using 
Method II are shown in Figures 15, 16, and 17. In the electron micro­
scope, the sarcolemma appears as an electron-dense line approximately 
80 & wide (83,31^15.37 Â) containing a mat of fine filaments closely 
associated with what probably is the external surface of the membrane 
(Figure 15). This mat of fibrils likely represents the layer of fibrous 
connective tissue often associated with the term, sarcolemma (Mauro 
and Adams, 1961; Kono and Colowick, 1961; Hultin and Westort, 1969b). 
Occasionally, larger fibers having a faint longitudinal periodicity are 
observed; these fibers are probably collagen fibers. A third type of 
filaments, distinct from those seen closely associated with the sarco­
lemma, are also observed infrequently (Figure 16). These filaments are 
thin, faintly beaded, and always found with larger dark spots attached 
to the filament. The nature of these filaments is unknown, but the 
frequency with which they were found was reminiscent of the frequency 
with which small amounts of amorphous material were observed in the phase 
microscope. It is tempting to speculate that these filaments are thin 
or actin filaments. Nerve membranes and small vesicles (Figure 17) and, 
on rare occasions, mitochondria were also observed in these preparations. 
It was observed that the characteristic laminated appearance of nerve 
membranes shown in Figure 17 was lost due to prolonged exposure to the 
electron beam. 
Figure 15. Electron micrograph of a sarcolemmal membrane fraction 
made by Method II. All samples were fixed in a 
paraformaldehyde-glutaraldehyde mixture and post-
fixed in osmium tetroxide. Sections were stained with 
methanolic uranyl acetate and post-stained with lead 
citrate. The sarcolemma appears as an electron dense 
line with a mat of fibrillar material lying over the 
external surface. X90,720. 

Figure 16. Electron micrograph of filaments, possibly actin fila­
ments, observed infrequently in sarcolemmal preparations 
made by using Method II. X44,020. 
Figure 17. Electron micrograph of a flelu showing nerve n;£~.bra.nGS 
(N) and small vesicles observed on one or two occasions 
in sarcolemmal preparations made by Method II, X61,460. 
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Chemical Purity 
Mitochondrial and microsomal membranes 
Succinic dehydrogenase and glucose-6-phosphatase were used as 
marker enzymes to detect the presence of mitochondrial and microsomal 
membranes, respectively, in sarcolemmal membrane preparations made by 
either Method I or Method II. As shown in Table 4, succinic dehydrogenase 
activity in sarcolemmal fractions prepared by either method was less 
than 17o of the activity found in crude mitochondrial preparations. On 
the other hand, sarcolemmal preparations made by either Method I or 
Method II contained approximately 50% and 15%, respectively, of the 
glucose-6-phosphatase activity found in microsomal fractions (Table 4). 
Glucose-6-phosphatase activity in preparations made by Method II varied 
widely (0.3 to 2.22 nmoles Pi/min/mg protein); this accounts for the large 
standard error (I'D.84) associated with glucose-6-phosphatase activity of 
Method II preparations (Table 4). Thus, glucose-6-phosphatase activity 
in Method II preparations may be as high as 307» that found in microsomal 
fractions. Hultin and Westort (1969b) reported glucose-6-phosphatase 
^ f /, /. ^ C C .«» 1 — M A A. ^ ^ ^ I* M ^ ^  1 i M 1 V ^ V/^ ^ ^ t ^ / ^ OO^ WV^eilUllÛ^ 
and microsomal fractions, respectively, and also found that sarcolemmal 
and microsomal fractions contained virtually the same amount of RNA, 
They interpreted this data to indicate that either the sarcoleinma is rich 
in both glucose-6-phosphatase activity and RNA content, or that micro­
somal membranes are not completely removed during sarcolemmal prepara­
tion, or both these possibilities. 
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Table 4. Comparison of succinic dehydrogenase and glucose-6-phos-
phatase activities in mitochondrial and microsomal fractions 
with that in sarcolemmal fractions prepared by two different 
methods 
Fraction Succinic dehydrogenase* Glucose-6-phosphatase^ 
Mitochondria 9O.33ti4.43 (6) 4.43±1.79 (10) 
Microsomal 27.01+ 5.46 (6) 7.09+1.43 (10) 
Sarcolemma 
Method I o.eot 0.20 (6) 3.05t0.50 (6) 
Method II 0.60t 0.33 (4) 1.04+0.84 (4) 
^Specific activity expressed as nmoles DCIP reduced per min per 
mg protein t standard error at 38°C. Number in ( ) indicates number 
of experiments conducted. 
^Specific activity expressed as nmoles Pi liberated per min mg 
protein t standard error at 30°C. Number in ( ) indicates number of 
experiments conducted. 
Adenosine triphosphatase activity 
Since the Mg^^-stimulated-CNa"^ + K"*")-ATPase activity associated 
with membranes has been studied under a wide variety of conditions, the 
first studies of this activity in sarcolemmal membrane preparations at­
tempted to define the NaCl and KCl concentrations necessary for maximum 
activity. A NaCl to KCl ratio of 10;1 was maintained in this study. 
Figure 18 shows that, in the absence of Mg^"*", the "basic" ATPase activity 
(activity in the absence of either Na"*" ot K"^) was increased slightly by 
addition of Na"^ plus K+ up to 100 mM Na+ plus 10 mM K+, with the maximal 
Figure 18, Comparison of the (Na"*" + KT*")-modified- and 
stimulated-(Na+ + K+)-modified ATPase activities of 
sarcolemmal membranes prepared by Method I or by 
Method II. 
A c c r- r\'r\ /"w* c • 9 A mM Tfi q «UonA c ( rvH / 7 ) . ^ mM A.T P. 
0.2-0.3 mg sarcolemmal protein/ml, 
NaCl, KCl, end MgCl as indicated, 
25°C. 
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activity occurring at 20 mM Na^ plus 2 mM K"*" for preparations made by 
Method I and at 30 mM Na"*" plus 3 mM K."^ for sarcolemmal membrane fractions 
made by Method II. "Basic" ATBase activity of either preparation, how-
2+ 
ever, was increased much more by addition of 3 mM Mg than it was by 
addition of Na"*" and K"*" without Mg^"*" (Figure 18). The Mg^^-stimulated 
ATPase activity of sarcolemmal membranes prepared by Method II differed 
from the activity of Method I membranes in two ways; 1) maximal Na"*" plus 
K^" stimulation occurred at 20 mM Na^ plus 2 mM KT*" for Method I membranes 
+ _L 
but at 30 mM Na plus 3 mM K for Method II membranes (Figure 18); and 
2) at Na"*" plus K"'" concentrations of 60 mM Na"^ plus 6 mM K"*" or higher, 
O I 
Method I membranes exhibited lower Mg -stimulated ATPase activities than 
they did in the complete absence of Na"*" plus K"^ (Figure 18); however, 
+ + + + 
Na plus K concentrations up to 100 mM Na plus 10 mM K did not cause 
9*4-
the Mg -stimulated ATPase activity of Method II membranes to decrease 
below that observed in the absence of Na"*" plus K"^  (Figure 18). (Na"*" + K"*") 
caused maximal activation of approximately 197. (Method I) or 217»(Method 
II) in Mg^^-stimulated activity. The amount of (Na^ + k"*") activation ob­
served in the present study is lower than the average stimulation of. 39% 
reported by Peter (1970), or the increase of 18 to 62% reported by Ferdman 
and Gimmel'reikh (1968), and was much less than the 2.6-fold increase re­
ported by Stam et al. (1969). 
Since sarcolemmal preparations made by Method I or by Method II 
contained only 80-857. or 85-957. empty cell segments, respectively, as 
measured by "microscopic purity" (Table 3), additional tests were done 
94 
to determine whether the ATPase activity in these preparations originated 
from contaminating myofibrillar proteins or other subcellular organelles 
rather than from the sarcolemma itself. Erythrocyte membranes can be 
obtained in highly purified form (Dodge et al^., 1963), and the 
Mg2+-stimulated-(Na^ + lC^)-activated ATPase of erythrocyte membranes was 
2+ 
also studied in detail to provide some information on the Mg -
stimulated-(Na"*" 4 K*")-modified ATPase activity of a purified membrane 
system. 
The "basic" ATPase activity of erythrocyte ghosts, i_.£., the ac­
tivity in the absence of added Na"^, K"*", or Mg^^, did not increase with 
increasing concentrations of Na"*" plus K"^ (Figure 19). In the presence of 
Mg^"^, however, maximal ATPase activity was observed at 30 mM Na"^ plus 3 
mM KT^ and activity decreased slightly from the maximum as more Na"*" and 
were added. Since experimental conditions used to assay the ery­
throcyte ghosts in Figure 19 were identical to the conditions used to 
test sarcolemmal membranes (Figure 18), and since the effect of Na"^ plus 
K"*" on erythrocyte membrane ATPase was not the same as the effect of 
these ions on the ATPase of sarcolemmal membranes prepared with Method I, 
the possibility arose that the Mg'^^-stimulated-(Na^ + KT*") ATPase observed 
in Method I sarcolemmal fractions did not originate entirely from the 
sarcolemma itself. When ATPase activity of reconstituted actonyosin was 
74-
tested under these same conditions, the Mg -stimulated ATPase exhibited 
optimal activity at 20 mM NaCl plus 2 mM KCl, and decreased below the 
activity observed in the absence of Mg^"*" when Na"^ plus K"*" concentrations 
exceeded 40 mM Na^ plus 4 mM Kf" (Figure 20). Maruyama e^ (1964) 
Figure 19. (Na+ + K"*")-modified ATPase activities of erythrocyte 
ghosts in the presence or absence of Mg^ "^ . 
Assay conditions; 20 mM Tris-Hepes (pH 7.2), 1 mM ATP, 
0.8-1.0 mg erythrocyte protein/ml, 
NaCl, KCl, and MgCl2 as indicated, 
25°C. 
n M O L E S  p . / m i n / m g  P R O T E I N  
Figure 20. (Na"^ + K"*")-modified ATPase activities of microsomal mem­
branes. actomyosin, and myosin in the presence or absence 
of Mg2+. 
Assay conditions; 20 mM Tris-Hepes (pH 7.2), 3 mM ATP, 0.1 
mg microsomal protein/ml, 0.2-0.3 mg 
actomyosin or myosin protein/ml, Nacl, 
KCl, and MgClj as indicated, 25°C. 
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have observed a pattern similar to this when testing the effects of 
2+ increasing KCl concentration on the Mg -modified myosin B ATPase; 
Maruyama al. found optimal activity at 0.02-0.025 M KCl. Inspection 
of Figures 18 and 20 reveals certain similarities between the Mg^"*"-
94-
stimulated ATPase activity of actomyosin and the Mg -stimulated 
ATPase activity found in sarcolemmal preparations made by Method I; 
1) the Mg2+-modified ATPase activity of both preparations is maximal at 
20 mM Na"^ + 2 mM K"^, and 2) Na"^ plus concentrations above 50 mM + 5 
mM cause the Mg -modified ATPase activity to decrease below the level 
observed in the absence of Na"*" plus K*". Although these similarities 
suggest that the ATPase activity observed in Method I sarcolemmal mem­
brane preparations may originate in part from actomyosin contaminating 
these preparations, it is clear that most ATPase activity in Method I 
sarcolemmal preparations originates from some component other than acto­
myosin, because the Mg^"*"-stimulated (Na"*" + K"*")-modified ATPase activity 
of Method I fractions should have decreased much more than it did above 
Na"^ plus K"^ concentrations at 50 mM Na"^ plus 5 mM K"*" if actomyosin was 
the enzyme responsible for most of the ATPase activity in the prépara-
 ^ m 0!^   ^ f  ^C X? ^  A A 1 O  ^ J  ^ A ^  A  ^ T A  ^  ^ A «i»  ^ A A ^  «1  ^ « w A C f AW atAvi ow iiCL cn. cl uxwiio awvvc uu'i 
plus 5 mM). 
The fact that actomyosin dissociates at ionic strengths above 0,3 
(Eisenberg and Moos, 1967) and that myosin ATPase, which is activated by 
Ca^"*" and EDTA but inhibited by Mg^"*", therefore predominates at ionic 
strengths above 0.3 was used in an attempt to quantitate actomyosin con­
tamination in sarcolemmal preparations. In this experiment, ratios of 
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specific activities found for myosin, erythrocyte, and sarcolemmal ATPase 
2+ o I 
activities in the presence of Ca , and EDTA at high ionic strength 
were compared. Sarcolemmal fractions prepared by Method I were used 
for this experiment. Unfortunately, it was discovered that EDTA was a 
potent activator of erythrocyte membrane ATPase activity at high ionic 
strength (Table 5), and it was therefore impossible to use the ratios 
of Mg2+-modified, Ca^^-modified, and EDTA-modified ATPase activities at 
high ionic strength to quantitatively estimate myosin contamination in 
sarcolemmal preparations. However, since EDTA activated the erythrocyte 
membrane ATPase, the increasing ATPase activity of both myosin and 
2-1" 2-4-
sarcolemmal preparations as the activator was changed from Mg , Ca , 
and EDTA in 500 mM KCl (Table 5) does not indicate that most of the 
ATPase activity in the Method I membranes originated from nyosin. In 
fact, the results shown in Table 5 suggest that much of the ATPase 
activity in sarcolemmal fractions originates from something other than 
myosin. For example, the Ca^^-modified ATPase activity of myosin is 
49 times higher than its Mg^'^-modified ATPase activity and 0.64 times 
as high as its EDTA-modif ied ATPase activity. For sarcolemmal membranes, 
however, the Ca2+-modified ATPase activity is only 3.6 times higher than 
O I 
its Mg -modified ATPase activity, anu only 0.35 times as high as its 
EDTA-modified ATPase activity. 
Although the ATPase activities of Method I sarcolemmal membranes sug­
gested that these membranes may contain some actomyosin contamination, it 
has already been indicated that the ATPase activities of sarcolemmal 
membranes made by Method II differed from Method I membranes in two 
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Table 5, ATPase activities of sarcolemmal membranes,^ erythrocyte 
ghosts, and myosin at ry2>0.5 and in the presence of Mg2+, 
Ca2+, or EDTA'' 
Erythrocyte 
Activator Sarcolemma^ Myosin^ ghosts^ 
1 mM Mg2+ .0191.002 (5) .007±.003 (4) 0.71+.22 (4) 
1 mM Ca^t .0681.015(5) .3311.076(4) 0.20l.09(4) 
1 mM EDTA .1931.032 (5) .52ll.053 (4) 0.921.23 (4) 
^Sarcolemmal membranes were prepared by Method I. 
^Assay conditions: 20 mM Tris-Hepes (pH 7.2), 500 mM KCl, 1 mM 
ATP, 0.2-0.3 mg/ml myosin or sarcolemmal protein, 0.8-1.0 mg/ml 
erythrocyte ghosts protein, MgCl^ , CaCl2 or EDTA as indicated, 25° Ç 
^Specific activities expressed as pmoles Pi liberated per min per 
mg protein standard errors^ Namber in ( ) indicates number of ex­
periments conducted. 
^Specific activities expressed as nmoles Pi liberated per min per 
mg protein "t standard errors. Number in ( ) indicates number of 
experiments conducted. 
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respects (see Figure 18). Thus, that the maximal Mg^^-stimulated 
ATPase activity of Method II membranes occurred at 30 mM Na"*" plus 3 
mM KT*" and that the Mg^^-stimulated ATPase activity of Method II mem­
branes did not decrease drastically at Na"*" plus K"*" concentrations above 
50 mM Na"*" plus 5 mM both strongly indicate that only a very small 
proportion of total Mg -stimulated ATPase activity of sarcolemmal mem­
branes prepared by Method II could have originated from actomyosin 
contamination. This conclusion is substantiated by the finding that 
Mg^'^-stimulated-(Na"*" + KT^)-modified ATPase activity of Method II membranes 
had a pH optimum near 7.0 (Figure 21); ATPase activity decreased rapidly 
on the acid side and slowly on the alkaline side of this optimum. This be­
havior is in distinct contrast to the effect of pH on the Mg ^"'"-modified 
ATPase activity of actomyosin where activity plateaus between pH 7 and 8, 
decreases below pH 7.0, but increases sharply above pH 8.0 (Rainford 
et al., 1964). 
It was shown in Table 4 that glucose-6-phosphatase activity in 
sarcolemmal fractions prepared by Method II was approximately 15% to 
Cyp! V» 4  ^ ^ y» ^ xi H V* m y» ^ ^  f ^  V 4 C 4 A >N//0 C&a CfcO WA&CAW CL W ^ v *5 
plasmic reticular membranes are also a potential contaminant in sarco­
lemmal preparations, the ATPase activity of microsomal membranes was 
tested under experimental conditions identical to those used to assay the 
ATPase activity of sarcolemmal preparations. As shown in Figures 19 and 
20, the effect of increasing concentrations of Na^ plus KT on the 
Mg2+-stimulated ATPase of microsomal membranes was similar to the effect 
of these cations on the Mg^'^-modified ATPase of erythrocyte ghosts. These 
Figure 21. Effect of pH on Mg^^-stimulated (Na"^ + K"*")-modified ATPase 
activity of sarcolemmal membranes. 
Assay conditions; 0.2-0.3 mg sarcolemmal protein/ml, 
30 inM NaCl, 3 mM KCl, 3 mM MgCl2, 
3 mM ATP, 20 mM buffer, 25°C. 
Tris-acetate buffer used from pH 5.0-6.0, 
Tris-Hepes buffer used from pH 6.5-8.0, 
Tris-HCl buffer used from pH 8.5-9.0 
uMOLES P^. /min /mg PROTEIN 
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findings are in contrast to those of Boegman et al. (1970) who found 
2+ 
that the Mg -modified ATPase activity in microsomal membranes from frog 
skeletal muscle was not stimulated by the simultaneous presence of Na^ 
and K"^, In the absence of Mg^^, the ATPase activity of microsomal 
membrane was maximal al 30 mM Na"^ plus 3 mM and at higher Na^ plus KT*" 
concentrations activity decreased back to its original level (Figure 20); 
this response too is very similar to that observed in erythrocyte ghosts 
or in sarcolemmal membranes made by Method II. Because the Mg^"*"-
stimulated-(Na^ + K^^-ATPase activity of microsomal membranes was very 
similar to that observed in sarcolemmal preparations made by Method II, 
several experiments were done to attempt to distinguish between these 
two enzymes. 
Rationale of the first experimental attempt to distinguish between 
the ATPase activities in microsomal and sarcolemmal membrane prepara­
tions was very similar to the rationale used to attempt to differentiate 
between the Mg^'^-stimulated (Na"*" + K"^)-ATPase activities observed in 
actomyosin or myosin and the ATPase activities observed in sarcolemmal 
preparations made by Method I. This rationale attempts to use the charac­
teristic inhibitory effect of Ca^"^ on the activity of the membrane 
(Na+ + K"^)-ATPase enzyme (Skou, 1965) to differentiate membrane ATPase 
activity from microsomal ATPase activity, which is activated by small 
amounts of Ca^"*" (Hasselbach, 1964). Since earlier experiments with 
Method I sarcolemmal fractions had indicated that part ot the ATPase 
activity in these fractions may originate from actomyosin or myosin 
contamination, the effects of Ca^"*", Mg^"*", and Na"*" plus on actomyosin 
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and myosin ATPase activities were also studied in this experiment. 
ATPase activities of sarcolemmal membranes (either Method I or Method II), 
microsomal fractions, and actomyosin, and myosin preparations were 
measured under identical conditions to facilitate direct comparison of 
the results. 
Table 6 shows that in the absence of Na"*" plus K"*", ATPase activity 
in Method II (or in Method I) sarcolemmal fractions and that in actomy­
osin preparations were activated by either Mg^"^ or Ca^"^, Myosin ATPase, 
however, was inhibited by Mg^"*" and activated by Ca^"*" (Table 6), These 
findings demonstrate that if myosin is a contaminant of sarcolemmal 
preparations, it must be present as actomyosin rather than as myosin 
alone. The ATPase activity of erythrocyte ghosts was potently activated 
by Mg^"*" but only weakly activated by Ca^"*" (Table 6). Moreover, addi­
tion of Mg^"*" in amounts equal to that of Ca^"*" slightly inhibited the 
Ca^'^-ATPase activity of Method I sarcolemmal fractions or of actomyosin 
preparations and slightly activated or had no effect on the Ca^^-ATPase 
activity of Method II sarcolemmal fractions. This same addition potently 
inhibited the Ca^"*"-ATPase activity of myosin, and potently activated 
the Ga'^^-ATPc.ss activity of erythrocyte ghosts. Skov (1465) has pre­
viously reported that the presence of Ca^"*" in equal amounts does not 
diminish Mg^'^'-stimulation of the (Na"*" + )-ATPase of membranes. The 
results shown in Table 6, together with those described earlier showing 
2+ 
that the Mg -stimulated ATPase of Method II sarcolemmal fractions was 
maximal at 30 mM Na^ + 3 mM did not decrease drastically as Na^ 
plus IC*" concentration was increased above 50 mM Na"*" plus 5 mM KT, and 
Table 6. Effects of Ca^^, Mg^"^ plus (Na"^ + Kt), and Ca plus (Na+ + K"*") on the ATPase ac­
tivities of sarcoleinmal and microsomal membranes, erythrocyte ghosts, actomyosin, and 
myosin* 
Sarcolemma Microsome Actomyosin Myosin Erythrocyte 
Activator Method I Method II ghosts 
Basic .019+.007 (3)b .012+.003 (3) .0271— (2) .045+— (1)  .001+-- (1) .15+.08 (4)C 
Mg2+ 
.1051.014 (3) .080t.02l (3)  .2201.033(3) .2921— (2) .0091— (2) 1.321.35 (4) 
Ca2+ .116+.016 (3) .0321.037 (3)  .1541.033(3) .320+-- (1)  .4151- (1) .381.15 (4) 
Mg2+-(Na+ 
+K+) .143±.014 (3) .099+.026 (3) .2721.013 (3) .360I-- (2) .013+— (2) 1.55+.26 (4) 
Ca2+-(Na+ 
+K+) .138+.019 (3)  .088+.027 (3)  .1671.029(3) .478+-- (1) .517+— (1) .39+.10 (4) 
Mg2++Ca2+-
(Na+4K+) .0821.036 (3) .0981.022 (3) .1671.036(3) .2381- (1) .0341— (1)  1.561.45 (4) 
^Assay conditions; All assay mixtures contained 20 mM Tris-Hepes (pH 7.2), 3 mM ATP, and 0.2-
0.3 mg/ml sarcolemmal, actomyosin, or myosin protein, 0.1 mg/ml microsomal protein, 0.8-1.0 mg/ml 
erythrocyte protein; Mg2+ or Ca ^-ATPase assays contained 3 mM MgCl2 or 3 mM CaCl2 in addition; 3 mM 
MgCl2 or 3 mM CaCl2 in addition; the Mg2+ + Ca2+-(Na+ 4 K'*')-ATPase assays contained 20 mM NaCl, 
2 mM KCl, 3 mM CaCl2, 3 mM MgCl2 in addition; all assays run at 25°C, 
^Specific activities expressed as /imoles Pi liberated per min per mg protein + standard errors. 
Number in ( ) indicates nurnber of experiments conducted. 
^Specific activities expressed as nmoles Pi liberated per min per mg protein t standard error. 
Number in ( ) indicates number of experiments conducted. 
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had a pH optimum different from actonyosin ATPase, clearly shows that al­
though Method I sarcolemmal fractions may be slightly contaminated with 
actomyosin, Method II sarcolemmal fractions contain almost no actomyosin 
contamination. Moreover, it is evident from the results in Table 6 that 
the ATPase enzyme in sarcolemmal membranes is different from the ATPase 
enzyme in erythrocyte membranes. Compared to the erythrocyte ATPase, 
O 1 
the sarcolemmal ATPase is 60-65 times more active in the presence of Mg , 
either with or without Na"*" plus KT*", and is approximately 200-225 times 
more active in the presence of Ca^"*", either with or without Na"*" plus K"*". 
Since the response of ATPase activity in sarcolemmal fractions to added 
Mg^"^ or Ca2+ does not resemble the response exhibited by the actomyosin 
or microsomal ATPases to these cations, it cannot be suggested that the 
endogenous sarcolemmal ATPase has the same activity as the erythrocyte 
membrane ATPase and that the seemingly greater ATPase activity of the 
sarcolemmal fractions originates from contamination by the vastly more 
active actomyosin or microsomal ATPase. Consequently, it is clear that 
the sarcolemmal ATPase differs both in degree of activity and in activa­
tion by metal cations from the erythrocyte membrane ATPase. Additional 
evidence substantiating this point will be presented in a subsequent sec­
tion of this thesis. 
It is evident that the ATPase activity of microsomal membranes dif­
fers from sarcolemmal ATPase activity (Table 6) because Ca^"*", either in 
ATPase to the same extent that Mg^"*" does under the same conditions. How­
ever, sarcolemmal ATPase activity is stimulated to a nearly equal degree 
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by Ca^"*" or Although Boegtnan al. (1970) found, by using micro­
somal membranes prepared by density gradient centrifugation, that Ca^"^ 
O I. 
activated microsomal ATPase activity more than Mg did, either in the 
presence or absence of 100 mM Na"*" plus 20 mM KT*", this result is in con­
tradiction to the vast majority of work showing that microsomal ATPase 
is primarily a Mg^'^-activated ATPase and is not potently activated by 
Ca^"*". It seems possible, therefore, that Boegman's microsomal membranes 
(Boegman al. 15 70) were contaminated by actomyosin and that the results 
shown in Table 6 more accurately depict the response of the microsomal 
ATPase to Ca^"^ and Mg^"®". 
The findings discussed in the preceding section strongly suggest 
that the Mg^"^-stimulated (Na"*" + KT^)-ATPase activity observed in sar-
colemmal preparations made by Method II is an endogenous property of the 
sarCOlemma itself and is not due to contamination by actomyosin or by 
microsomal membrane ATPase enzymes. To obtain additional, conclusive 
evidence establishing this point, preparations of tiyosin, actomyosin, 
microsomal, and sarcolemmal membranes were treated with ouabain, which 
is a known inhibitor of Mg^"*"- (Na+ + KT^)-ATPase of membranes (Skou, 
1965). Moreover, since Peter (1970) has recently shown that diphenyl-
hydantoin (DPH) inhibits the Na"^ plus K"*" ATPase of sarcolemmal prepara­
tions without affecting microsomal, mitochondrial, or actomyosin ATPase 
activity, the effect of DPH on ATPase activity of Method II sarcolemmal 
membranes was also studied. 
As shown in Table 7, 10"^ or 10"^ ouabain both in the presence of 
Mg^"*" alone and in the presence of Mg^"*" - (Na"*" + K"*"), inhibited actomyosin 
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Table 7, Effect of ouabain and diphenylhydantoin on the Mg-stimulated 
and Mg^'^-stimulated (Na+ + KT)-modified^ ATPase activities of 
sarcolennnal^ and microsomal membranes and of actomyosin and 
myosin^ 
Modifier Sarcolemma Microsomes Actomyosin Myosin 
None^^ 
Mg^''"-(Na+ + K+) 
10"^ ouabain 
Meg , , 
Mg^^-(Na+ + K+) 
ID'S ouabain 
Mgg 
M g ( N a +  +  K + )  
10"^ M ouabain 
Mg^''"-(Na"'" + K+) 
lOT* M DPH 
Mg2+ 
Mg2+-(Na+ + K+) 
.075 (5) 
.096 (5) 
. 062  (6 )  
.075 (5) 
.071 (5) 
.067 (5) 
.055 (3) 
.043 (3) 
.065 (4) 
.079 (4) 
.204 (5) 
.285 (5) 
.212 (5) 
.322 (5) 
.249 (5) 
.311 (5) 
.267 (2) 
.355 (2) 
.239 (1) 
.269 (1) 
.274 (2) 
.332 (2) 
,150 (1) 
.240 (1) 
,114 (1) 
, 2 2 8  ( 1 )  
.008 (2) 
.014 (2) 
.006 (1) 
.011 (1) 
.020 (1)  
,011 (1) 
.306 (1) 
.316 (1) 
.013 (1) 
.017 (1) 
^Assay conditions; 20 mM Tris-Hepes (pH 7.2), 3 mM MgCl2, 3 mM ATP, 
0,2-0,3 mg/ml sarcolemmal, actomyosin, or myosin protein, 0.1 mg/ml 
microsomal protein, 25°C. 
^Assay conditions; 20 mM Tris-Hepes (pH 7.2), 30 mM NaCl, 3 mM 
KCl, 3 mM MgCl2, 3 mM ATP, ouabain or DPH as indicated; OL2-0=3 mg/ml 
sarcolemmal, actomyosin or myosin protein, O.I mg/ml microsomal protein, 
25°C. 
^Sarcolemmal membranes were prepared by Method II. Standard error 
for all Mg^'^-modified sarcolemmal ATPase activities is -^0.003. 
Standard error for all Mg^"'"-(Na'^ + KT^) sarcolemmal ATPase activities is 
+ 0.005. 
^Standard error for all Mg^^-modified microsomal ATPase activities 
is ±0,009. Standard error for ail Mg^''"-(Na' + IC") modified ATPase 
activities is ±0,015. 
®A11 figures are mean specific activities expressed as >imoles p^ 
liberated per min per mg protein. Numbers in ( ) are the number of ex­
periments done. 
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ATPase activity but had no effect on myosin ATPase activity. On the 
other hand, the Mg^^-stimulated and stimulated (Na"^ + KT*")-
modified ATPase activities of microsomal membranes were both very 
slightly activated by ouabain, particularly at the two lower ouabain 
concentrations tested. Although this finding is in contrast to that 
reported by Boegman (1970) and Fratantoni and Askari (1965), who 
found that ATPase activity of skeletal muscle microsomes was insensitive 
to ouabain even in the presence of Mg^"*", Na"*" and K^, the amount of 
ouabain activation shown in Table 7 is very small, and the discrepancy 
between the present results and those reported by Boegman e^ al. (1970) 
and Fratantoni and Askari (1965) is not large. Peter (1970), on the 
other hand, found that the ATPase of fragmented sarcoplasmic reticulum 
was inhibited by 10"^ M ouabain in the presence of 65 mM Na"^ plus 5 mM 
KCl, and 1 mM MgCl2. Under these same conditions, Peter (1970) also 
showed that DPH had no effect on myosin B ATPase activity or the 
Mg^"^-(Na"'" + KT*")-ATPase activity of fragmented sarcoplasmic reticular 
membranes. Based on the single observation shown in Table 7, DPH had 
no effect on the Mg-(Na"*" + KT*")-ATPase of microsomal membranes and acto-
nyosin but slightly activated the Mg^"*"-stimulated enzymes. 
Although ouabain caused some inhibition of the Mg^" and the Mg2+-
(Na"^ + K"»')-ATPase activities in every sarcolemmal preparation, the amount 
of such inhibition varied widely among different sarcolemmal prepara­
tions (Table 7). The Mg^'-(Na^ + K"^) ATPase activity of sarcolemmal 
membranes was inhibited by all ouabain concentrations tested (Table 7), 
but only the 10"^ M ouabain level inhibited the Mg^'*"-ATPase activity in 
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sarcoleinmal preparations. Ferdman and Gimmel'reikh (1968) have observed 
that lO"^ and 10"^ M strophanthin K will inhibit the Mg^^-(Na'^ + K"*") 
sarcolemmal ATPase, but that 10"^ M strophanthin K activates this enzyme 
activity in sarcolemmal membranes. Finding that 10"^ M ouabain will in­
hibit both the and the Mg^'^-(Na"*' + KT*")-ATPase activities of sarco­
lemmal membranes (Table 7) was totally unexpected since Skou (1965) and 
Matsui and Schwartz (1966) showed that ouabain inhibits only the membrane 
ATPase activity due to Na— plus K"*" and not the ATPase activity due to 
Mg^"*". There is no obvious explanation for this discrepancy. The re­
sults in Table 7 also show that 10"^ M DPH inhibits both the Mg^"^ and 
the Mg^'^-(Na"*" + KT*") ATPase activities of sarcolemmal membranes prepared 
by Method II. The extent of this inhibition is not as great as that 
caused by 10"^ M ouabain. 
Since neither ouabain nor DPH caused complete inhibition of any of 
the ATPase activities shown in Table 7, these substances cannot be used 
to conclusively establish microsomal or actomyosin contamination in 
sarcolemmal preparations. For example, although 10"^ M ouabain in­
hibited the ATPase activities in sarcolemmal preparations and slightly 
activated the ATPase activities in microsome preparations, it is im­
possible, in the absence of additional data, to eliminate the possibility 
that 10 ° M ouabain completely inhibits sarcolemmal ATPase activity and 
that the activity observed for 10"^ M ouabain-treated preparations in 
Table 7 arises from microsomal membrane ATPase activity which is ouabain-
activated. Similar arguments can be made for the results involving DPH 
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or actomyosin. However, the results shown in Table 7 together with re­
sults described earlier in this section show that sarcolemma preparations 
made by using Method II have very little actomyosin or microsomal con­
tamination. Hence, it may be concluded that only partial inhibition by 
ouabain or DPH is a property of the sarcolemmal ATPase. 
Although it is well documented that ATP is the vivo substrate 
for the (Na"*" + K"^)-stimulated enzyme in biological membranes, no studies 
have been done to measure the ability of the (Na"*" + K+)-activated 
sarcolemmal membrane ATPase to hydrolyze nucleoside triphosphates other 
than ATP. Since such studies may provide useful information on the 
mechanism of membrane ATPase action, a preliminary study was done com­
paring the ATPase activity of sarcolemmal and microsomal fractions with 
the ITPase activities of these same fractions when measured under identi­
cal conditions. Table 8 shows that the Mg^"^ and Mg^"^-(Na"^ + KT*")-modified 
activities of both membrane fractions were greater when ATP was the sub­
strate than when ITP was the substrate. The activation by Na"^ plus K*", 
however, was approximately equal whether ATP or ITP was the substrate. 
2+ 
The relatively high ITPase activities found for both the Mg and the 
Mg'^^-(Na'^ 4- K"*")-enzyme systems in this study differs from Skou's (Skou, 
1957) observation that Na^ plus K*" does not activate the membrane ATPase 
enzyme when ITP, UTP, or GIF are used as substrates. Since Skou (1957) 
used nerve membranes in his study, it is possible that the response of 
the sarcolemmal membrane ITPase activity to added Na"*" plus tC*", as found 
in the present study, constitutes an additional difference between the 
sarcolemmal membrane ATPase enzyme and the ATPase enzyme found in other 
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membranes. Matsui and Schwartz (1966) found by using a (Na^ + K"*")-
dependent ATPase preparation purified from cardiac microsomes, that the 
(Na"*" + K"^)-dependent hydrolysis by this fraction when ITP, UTP or GTP 
was the substrate, was less than 4% of that obtained when ATP was the 
substrate. However, because Matsui and Schwartz's preparative procedure 
differed greatly from the microsomal procedure used in the present study, 
their results cannot be directly compared with those shown in Table 8. 
Table 8. Comparison of the abilities of sarcolemmal^ and microsomal 
membrane preparations to hydrolyze ATP and ITP^ 
Preparation Substrate 
ATP ITP 
Mg2-r MgiH-_(Na+ + K+) Mg2+ Mg^+-(Na-^ + K+) 
Sarcolemma 
o
 
o
 (5)C .096±.013 (5) .043±.003 (5) .059+.010 (5) 
Microsome .204±.025 (5) ,285t.037 (5) .130+.036 (5) .188±.037 (5) 
^Sarcolemmal membranes were prepared by Method II. 
^Assay conditions: 20 mM Tris-Hepes (pH 7.2), 30 irM NaCl, 3 niM 
KCl, 3 aiM MgCl-, 3 mM ATP or 3 mM ITP, 0.2-0.3 mg/ml sarcolennnal protein 
or Oil mg/ml microsomal protein, 25®C. 
^Specific activity expressed as jjmoles Pi liberated per min per rag 
protein i standard errors. Number in ( ) indicates number of experiments 
conducted. 
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DISCUSSION 
Since the sarcolemma is a relatively insoluble component of the 
muscle cell and since there are no reliable enzymic or compositional 
markers for it, all procedures for preparation of sarcolemmal membranes 
must rely on removing the other components and leaving the sarcolemma 
in a relatively undegraded form. The present study used two different 
approaches to remove nonsarcolemmal components of the muscle cell: 1) 
high ionic strength extraction of the myofibrillar proteins and other 
subcellular organelles; and 2) removal of the intracellular contents of 
muscle cells by repeated washing in low ionic strength solvents at pH 
values between 7,0 and 8.0. The results of this study demonstrated that 
low ionic strength methods possessed several advantages over the high 
ionic strength methods for preparing sarcolemmal membranes: 1) the 
"low ionic strength methods produced membrane fractions that contained 
much less contaminating myofibrillar proteins than the high ionic 
strength procedures did; as measured by "microscopic purity", low 
ionic strength procedures resulted in preparations having 80-95% of 
ao oai. wiiCi-Ceid viii. V iV—VI. 
the cell segments from high ionic strength extraction methods were 
empty: 2) membranes produced by low ionic strength procedures were less 
aggregated and consequently could be pipetted and handled more easily 
than membrane fractions prepared by high ionic strength extraction 
methods; 3) a final, partly purified membrane fraction could be obtained 
within 8-12 hr after death of the rabbit by using low ionic strength 
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preparative procedures, whereas 30-36 hr were required to prepare mem­
brane fractions with the high ionic strength methods; and 4) because 
they avoid solvents with ionic strengths greater than those that normally 
occur within the muscle cell, the low ionic strength procedures are less 
likely to cause extraction of proteins from the sarcolemma itself and 
therefore probably produce less degraded membranes than the high ionic 
strength procedures. Although many different high ionic strength pro­
cedures and variations of these procedures were tested in this study, none 
of them produced sarcolemmal preparations having "microscopic purities" 
above 35%. On the basis of this extensive testing, it seems probable 
that high ionic strength extraction methods, in general, are unsuitaole 
for preparing highly purified and undegraded sarcolemmal membranes un­
less some completely new and very effective high ionic strength solvent 
is discovered. 
Because of the advantages discussed in the preceding paragraph, at­
tention was focused on low ionic strength procedures for preparing sar­
colemmal membranes. Although several different low ionic strength pro­
cedures have been described in the literature (McCollester, 1962; 
Peter, 1970; Rosenthal et al., 1965; Westort and Hultin, l^ôô), these 
procedures have been developed largely by empirical testing to arrive at 
a set of optimum conditions that produce membranes of maximum purity 
as judged microscopically. Hence, the rationale underlying removal of 
myofibrillar proteins and other subcellular organelles with very low 
ionic strength solutions is not understood. Indeed, it is not even clear 
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whether the contractile proteins are transformed from a water-insoluble 
to a water-soluble state by some unknown mechanism during the early 
stages of low ionic strength procedures or whether the physical swelling 
and gelation that occurs during repeated washing with buffered water 
causes extrusion of myofibrillar proteins from muscle cell segments 
without ever actually solubilizing the proteins. Such extrusion of nyo-
fibrillar proteins may also cause removal of other subcellular organelles, 
which would be carried with the swollen myofibrillar protein during ex­
trusion; indeed, this "co-extrusion" may be the reason that low ionic 
strength procedures produce purer sarcolemmal fractions than high ionic 
strength methods. Because the mechanism of myofibrillar protein removal 
during low ionic strength extraction is not understood, investigators 
use the term, "cell emptying", when referring to removal of the myo-
fibrillar proteins by low ionic strength washes of broken cell segments; 
use of this term obviously avoids any approbation of either mechanism 
for removing myofibrillar proteins. 
Whether the myofibrillar proteins are solubilized or extruded during 
low ionic strength preparation of sarcolemmal tubules, it is clear from 
the extensive empirical testing of low ionic strength methods that cer­
tain conditions favor "emptying" of muscle cell segments. It is logical 
to believe, therefore, that these conditions cause alterations in the 
molecular architecture of the muscle cell which facilitate subsequent 
removal of the myofibrillar proteins and other subcellular organelles by 
low ionic strength solutions. One of the purposes of this study was to 
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determine the nature of these alterations in molecular architecture 
and from this knowledge to propose a mechanism for low ionic strength 
emptying of muscle cell segments. Although the first part of this ob­
jective was only partly realized, it was nevertheless possible to de­
velop an effective procedure for preparing sarcolemmal membranes 
(Method II as described in Results), and near the end of this discussion, 
an "optimal" procedure for low ionic strength emptying of muscle cell 
segments will be proposed. 
Earlier extensive empirical studies of low ionic strength emptying 
of muscle cell segments have led to several proposals for conditions 
that predispose these segments to emptying. Hultin and co-workers 
(Stanley and Hultin. 1968: Hultin and Westort. 1969a; Comissiong e^ al. 
1971) suggested that actomyosi" formation is a necessary prerequisite 
for cell emptying, although they did not specify whether the myofibrillar 
proteins were solubilized or merely extruded. On the other hand, 
McCollester and associates (McCollester, 1962; McCollester and Semente, 
1964) favor a mechanism in which the nyofibrillar proteins are transformed 
from a water-insoluble to water-soluble state during the early steps 
in low ionic strength procedures. It was suggested that this transforma­
tion involves a "cytoskeletal breakdown" within the muscle cell, and 
furthermore, that the "cytoskeleton" probably consists of the Z-line and 
the sarcoplasmic reticulum. Phase microscopic examination of muscle cell 
segments after each step of the Icvj ionic strength procedure developed 
in the present study showed that myofibrils are displaced out of register 
with one another and tend to lose Z-lines progressively during washing 
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after Incubation at 37°C for 30 min. These observations support 
McCollester's idea concerning a "cytoskeletal" breakdown preceding cell 
emptying. Phase microscopic examination of cell segments during the 
post-incubation washes also showed that cell emptying began with an 
"opening" or "fraying" of the myofibrils at the ends of cell segments 
followed by an extrusion of amorphous material from the ends of the cell 
segments during washes with buffered water. These observations suggest 
that myofibrillar proteins are not solubilized during washes with KHCOg-
buffered water or Tris-water solutions, but that during these washes, 
the myofibrillar proteins become swollen until they completely fill the 
muscle cell segment; further swelling then causes disgorgement of the 
myofibrillar proteins. Additional Tris-washes dilute the extruded nyo-
fibrillar proteins, lowering the viscosity of the actonyosin gel until 
the emptied sarcolemmal tubules can be collected by sedimentation through 
the diluted gel. This suggestion is based on phase microscopic examina­
tion of the cloudy supernatant during the latter stages of Tris-water 
washes; these observations showed that amorphous material resembling 
the viscous gel seen in the sediment was also present in the supernatant. 
If the myofibrillar proteins had been solubilized, none of the amorphous 
material should have been observed in the supernatant. Therefore, in 
contrast to McCollester's hypothesis (McCollester, 1962; McCollester and 
Semente, 1964), the present study indicated that there is no solubility 
transformation during low ionic strength removal of the myofibrillar 
proteins, but that a "cytoskeletal" breakdown permits expulsion 
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of the myofibrillar proteins as they are swollen by washing 
with Tris-water. The exact nature of the "cytoskeletal" breakdown 
awaits a more thorough electron microscopic study, but it may be sug­
gested that it involves, at least in part, degradation of Z-lines. 
Although the present study does not provide any direct evidence 
concerning Hultin's (Stanley and Hultin, 1968; Comissiong et al.,1971) 
suggestion that actomyosin formation is a necessary prerequisite to 
muscle cell emptying, it seems possible to counter some of Hultin's 
reasoning simply by careful analysis of what is known about actomyosin 
formation. For example, actomyosin formation, in terms of an interaction 
that prevents movement of thick and thin filaments past one another, oc­
curs immediately upon removal of ATP and, to a lesser extent, ADP from 
the muscle cell. Because all low ionic strength procedures involve 
three of four pre-incubation and four or five post-incubation washes, it 
is evident that ATP and ADP are completely removed from muscle cell seg­
ments well before cell emptying is attempted in any low ionic strength 
procedure. Consequently, it is very difficult to see how variations in 
extent of actomyosin formation could have an important influence on ex­
tent of cell emptying, because actomyosin formation will be complete in 
all latter steps of the low ionic strength procedures unless ATP and 
ADP are added back to the cell segments after the post-incubation washes. 
2+ 
medium is necessary to promote ATP degradation, as suggested by Hultin 
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(Stanley and Hultin, 1968; Comissiong et al., 1971); thus, the mechanism 
of calcium's ability to promote cell emptying in low ionic strength pro­
cedures (McCollester, 1962; McCollester and Semente, 1964; Hultin and 
Westort, 1969a) remains unclear. 
The considerations discussed in the preceding paragraph focus at­
tention on "cytoskeletal" breakdown as the crucial event that induces 
emptying of myofibrillar proteins from muscle cell segments. The ques­
tion then arises as to what causes breakdown of the "cytoskeleton" with­
in the muscle cell. Although the present study does not permit an un­
equivocal answer to this question, a discussion on this subject seems 
warranted because of its fundamental importance to all low ionic strength 
procedures, and in view of some recent discoveries of Busch (1969) and 
Suzuki.^ To adequately discuss th^^ subject, a few earlier observations 
on the effects of Ca^"*" on muscle cell emptying (McCollester and Semen te, 
1964; Comissiong et al., 1971) need to be considered. 
In the present study, it was noticed during attempts to incorporate 
a final high ionic strength extraction in the low ionic strength pro­
cedure that cell segments failed to swell in Tris-water when the dilute 
salt solutions used for post-incubation washes contained Ca^"*". Comissiong 
2+ 
et al. (1971) have also noticed that addition of Ca after post-
incubation washes and before Tris-water washes inhibits cell emptying. 
On the other hand, McCollester and Semente (1964) found that addition 
24-
of 0.01 or 0.1 mM Ca in the incubation step before post-incubation 
^Suzuki, A., Ames, Iowa. Unpublished data. Private communication. 
1971. 
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washes actually expedited cell emptying. Together, these results in­
dicate that removal of Ca^"*" during post-incubation washes with dilute 
salt solutions is critical to successful cell emptying. This con­
clusion supports the idea that swelling of myofibrillar proteins is es­
sential for cell emptying because Arakawa e£ al. (1970) have shown that 
2+ Ca prevents myofibrillar swelling during low ionic-strength washing. 
2+ 
This conclusion, howeverj does not explain why the presence of Ca 
early in the preparation procedure promotes muscle cell emptying. 
2+ A possible clue to the effect of Ca was provided by Busch's 
discovery (Busch, 1969) that incubation of intact muscle strips in 1 
niM Ca2+-containing solutions at 37°C caused complete Z-line removal 
within 9 hr. Z-line ultrastructure, however, was unchanged after in-
2+ 
cubation in 1 mM EGTA-containing solutions (EGTA is a Ca chelator) 
2+ 
under the same conditions. Busch's discovery implicates Ca in Z-line 
breakdown, and since Z-lines are part of McCollester's "cytoskeleton", 
2+ 
Ca is also thereby linked to cytoskeletai breakdown. More recently, 
1 2+ Suzuki has discovered a Ca -activated protease in muscle cells. This 
protease requires at least 0.1 kîM Ca^"^ for activity and appears to re­
move Z-lines specifically without affecting the myofibrillar proteins 
themselves. Since this protease is localized within the muscle cell 
and since it has some affinity for the myofibrils, it seems probable 
that it would remain within the broken ceil segments until the myofibril­
lar proteins were "emptied". Furthermore, since its ability to remove 
^Suzuki, op. cit. 
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Z-lines would contribute to '"cytoskeletal" breakdown, the existence of 
this protease provides a natural and direct explanation for the numerous 
observations that the presence of Ca^"^ in the homogenizing solution or 
in the pre-incubation washes favors subsequent muscle cell emptying 
during low ionic strength washes. Indeed, extensive studies have shown 
that an "incubation step", where either intact muscle is aged at 4°C 
(Westort and Hultin, 1966), or the cell segments after three or four 
dilute saline washes (McCollester, 1962; Peter, 1970; Rosenthal et al., 
1965) are incubated at 37°C, is a necessary prerequisite for effective 
cell emptying (McCollester, 1962; McCollester and Semente, 1964; 
Hultin and Westort, 1969a). Discovery of the Ca^"*" -activated protease 
now makes it seem likely that the incubation step functions to promote 
Z-line degradation by the Ca^"'"-activated protease. This hypothesis may 
explain the phase microscopic observations made in the present study 
which shows that Z-lines are presen: until the incubation step, after 
which they begin to disappear progressively during the post-incubation 
washes. McCollester and coworkers (McCollester, 1962; McCollester and 
2+ Semente, 1966) have previously speculated that Ca has both an "ionic" 
and an "enzymic" effect on muscle cell emptying, and suggested that a 
Ca^"^-dependent enzyme might be partly responsible for "cytoskeletal" 
2+ breakdown. Until Suzuki's discovery, however, no Ca -activated pro­
tease was known in muscle, and McCollester's speculation had no direct 
experimental basis. 
In view of the preceding discussion, it is possible to make some 
specific recommendations regarding general procedures necessary to 
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produce maximum cell emptying during low ionic strength preparation of 
sarcolemmal membranes. Many of these recommendations are based on the 
premise that Suzuki's Ca^'^'-activated protease is primarily responsible 
for "cytoskeletal" breakdown. Although this premise has not yet been 
experimentally proven, formulation of some explicit recommendations may 
stimulate experimentation to verify these suggestions and may thereby 
contribute to an eventual understanding of the mechanism of muscle cell 
emptying. Moreover, since discovery of the Ca^^-activated protease of­
fers a new viewpoint concerning mechanism of muscle cell emptying, it 
may be beneficial to describe this new viewpoint in terms of generally 
recommended procedures for maximal cell emptying. Therefore, based on 
the premise that the Ca^"^-activated protease is important in muscle cell 
emptying and on some of the findings made in the present study, the fol­
lowing recommendations can be proposed for optimizing low ionic strength 
emptying of muscle cell segments. First, excised muscle tissue should 
not be ground or homogenized for prolonged periods of times (>15 sec) 
since these procedures disintegrate muscle cell membranes into small 
fragments that cannot be identified as originating from the sarcolemma in 
the phase microscope. Additionally, these small fragments sediment 
with the microsomal fraction and are extremely difficult to separate 
from fragments of microsomal membranes. Homogenization of intact muscle 
for short (< 15 sec) periods of time in a Waring Blender fragments 
muscle fibers into shorter tubular cell segsients which sediment at low 
centrifugal forces and which can be separated from other subcellular 
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organelles. Second, the homogenizing procedure, the pre-incubation 
2+ 
washes, and the incubation step itself should be done in 1 mM Ca -
containing solutions at pH values near neutrality. These are optimal 
conditions for the Ca -activated protease and should promote maximum 
"cytoskeletal" breakdown by this protease. The premise that "cytoskele-
tal" breakdown is due to the Ca^"*"-activated protease also indicates that 
homogenization and washing of cell segments should be done at the highest 
temperatures that do not cause degradation of the sarcolemma and that 
an incubation step should be included in the procedure. Third, after 
some opportunity has been provided for the Ca ^"'"-activated protease to 
initiate cytoskeletal breakdown, either by incubation at 37°C for 30 
min or more, or by washing at 25°C or higher, the cell segments must be 
washed free of divalent cations since these cations potently inhibit 
myofibrillar swelling (Arakswa et al., 1970; Comissiong et al., 1971). 
This can easily be accomplished by four to five washes at 2°C with dilute 
saline solutions containing EDTA. Fourth, after removal of divalent 
cations, the myofibrillar proteins should be swollen with water buffered 
at pH 7.0=7.3 by Tris. EDTA or EGTA should be omitted from the buffered 
water washes since these highly negatively charged anions evidently 
promote aggregation of emptied cell segments. Fifth, jnce the myofibril­
lar proteins are completely extruded from the fiber segments, ATP or 
sodium pyrophosphate may be added to dissociate the extruded actonyosin 
complex, thereby decreasing the viscosity of the actomyosin gei and 
making it possible to sediment the emptied sarcolemmal tubules through it. 
When considering the problems encountered during preliminary 
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experiments using the procedures previously described in the litera­
ture, it becomes evident that success with low ionic strength procedures 
depends not only on understanding the mechanism of cell emptying but 
also on close attention to procedural details during preparation. For 
example, during all pre- and post-incubation washes, it is advantageous 
to remove as many myofibrils as possible and discard them with the 
supernatant. The amount of myofibrils removed can be regulated by 
centrifugation time or centrifugal force. If centrifugal force is kept 
constant, centrifugation time depends on acceleration and deceleration 
characteristics of a particular centrifuge. Perhaps the most crucial 
factor contributing to success when using the procedures described in 
this study is judgement based on experience. Judgement becomes most 
critical during the Tris-water or KHCO^-water washes. In Method I, addi­
tion of ATP before swelling is complete results in a preparation of low 
"microscopic purity", When using Tris-water (Method II) to swell the 
myofibrillar proteins, however, the number of washes should be kept to 
a minimum in order to obtain a less aggregated preparation. 
The phase microscope shows the sarcolemma as a structureless and 
transparent tubular membrane; in the electron microscope, the sarcolemma 
appears as an electron-dense line approximately 80 & wide and having a 
network of fine filaments closely associated with its external surface. 
The complex structure of the sarcolemma observed in the electron micro­
scope illustrates why much confusion has arisen concerning definition 
of the "sarcolemma". In the present study, the term "sarcolemma" was 
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used to designate the limiting, 75-100 X plasmaleinna investing the 
skeletal muscle fiber (Fawcett and Selby, 1958; Bennett, 1960) rather 
than the more complex three-layer structure, _i.^., the plasmalemma, 
basement membrane, and fibrous connective tissue layers, often designated 
as the sarcolemma (Kono and Colowick, 1961; Koketsu e_t al., 1964 ; Mauro 
and Adams, 1961; Hultin and Westort, 1969b). Since all preparations 
made by the low ionic strength procedure described in the present study 
contained the fibrous connective tissue and basement membrane layers 
in addition to the plasmalemma, it is obvious that one limitation of 
the low ionic strength procedure described in this study is its inability 
to remove the outer two connective tissue and basement membrane layers. 
Abood et al. (1966), on the other hand, has found that treatment of sar-
colemmal membranes with hypertonic KCl (0.6 M) removes connective tissue. 
The inability to remove the connective tissue or basement membrane layers 
from sarcolemmal membranes appears characteristic of all low ionic 
strength procedures published to date. 
As shown by electron microscopy, sarcolemmal fractions prepared in 
this study are uoL catlccly free of small amounts of contaminating sub­
cellular components or extracellular membrane systems such as nerve 
membranes. Although mitochondria-like structures were observed only 
very rarely and banded myofibrils were never seen, most sarcolemmal 
preparations contained small amounts of vesicular material; the nature 
of these small vesicles is not clear. On the one hand, they may represent 
fragmented sarcoplasmic reticulum carried along with the larger sarcolemmal 
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tubes, but, on the other hand, they may be pieces of the sarcoleitima itself 
vesiculated by homogenization. It may be possible to determine the 
nature of these vesicles by incubating sarcolemmal preparations with 
Ca in the presence of oxalate and ATP, and then examining the prepara­
tions in the electron microscope. Inesi and Watanabe (1967) have shown 
that, in the presence of oxalate, fragmented sarcoplasmic reticulum 
takes up Ca^"*" which is then precipitated ;is Ca^'^'-oxalate inside the 
vesicles. Thus, vesicles containing a dense Ca^"^-oxalate precipitate 
after incubation in Ca^"*", ATP, and oxalate could tentatively be identi­
fied as originating from the sarcoplasmic reticulum. Such an assay, of 
o I 94-
course, assumes that Ca is not taken up and precipitated as Ca -
oxalate in vesicles of sarcolemmal origin. This latter assumption seems 
somewhat tenuous, since Koketsu e^ al. (1964) have shown that isolated 
sarcolemmal membranes also bind Ca^"*"; however, the available information 
2+ 
suggests that sarcolemmal membranes can bind Ca in the absence of ATP 
and Mg^"*" (Koketsu et al., 1964) whereas both these substances are re­
quired for Ca^^-uptake by sarcoplasmic reticular membranes (Hasselbach, 
1964). Hence, by comparing the number of Ca^"^-oxalate loaded vesicles 
in the presence of Mg^"*" and ATP with the number of Ca^"*"-oxalate loaded 
vesicles in the absence of ATP and Mg^"^, it should be possible to dif­
ferentiate sarcoplasmic reticular vesicles from sarcolemmal vesicles. 
It has been recently proposed that liver plasma membranes contain 
glucose-6-phc3phatasc activity as an integral part of their structure 
(Emmelot and Bos, 1970), and Hultin and Westort (1969b) have suggested 
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that the sarcolemmal membrane also contains glucose-6-phosphatase 
activity. The results of this study, however, demonstrate that sarco­
plasmic reticular membranes contain a glucose-6-phosphatase activity 
two to six times higher than that found in sarcolemmal membranes, and 
moreover, that as "microscopic purity" increases, glucose-6-phosphatase 
activity in sarcolemmal preparations decreases. Consequently, it seems 
very likely that at least part of the glucose-6-phosphatase activity 
observed in sarcolemmal preparations originates from contaminating 
sarcoplasmic reticular membranes, and that the sarcolemmal membrane it­
self contains no glucose-6-phosphatase activity. Obviously, it would be 
possible to determine glucose-6-phosphatase activity in sarcolemmal 
membranes by testing for this activity in sarcolemmal membrane prepara­
tions that had their sarcoplasmic reticular contamination quantitatively 
estimated by the Ca^'*"-uptake procedure described in the preceding para­
graph. 
Although the present study has not been able to demonstrate that 
sarcolemmal membranes prepared by low ionic strength extraction pro­
cedures are free from microsomal membrane contamination, it was possible 
to show by using succinic dehydrogenase as a marker enzyme that these 
preparations contained less than 1% of their protein as mitochondrial 
protein. Electron microscopic examination of these fractions also showed 
that they contain virtually no recognizable mitochondria. 
One or uhe uiâàppointments in the present study the inability 
to adequately characterize the ATPase activity of sarcolenanal membranes. 
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Phase microscopic examination revealed that 15-20% and 5-15% of the 
cell segments in preparations made by Method I and Method II, respec­
tively, were "unemptied" and contained contaminating myofibrillar pro­
teins. Although "microscopic purity" provides some indication of the 
percent of cell segments that contain myofibrillar proteins, it fails 
to provide a good estimate of myofibrillar protein contamination on a 
weight basis. Furthermore, results of the present study demonstrate 
that it is impossible to use actomyosin ATPase activity as a marker for 
actomyosin contamination, since every activator of sarcolemmal ATPase 
activity that was tested in this study would also activate actomyosin 
or microsomal ATPase activity. Thus, although Mg activates ATPase 
activity in sarcolemmal preparations, it is possible that this ATPase 
activity originates entirely from actomyosin or microsomal membranes since 
o I 2+ 
the ATPase activity of these substances are also activated by Mg . Ca 
and Na"*" plus K"^ also activate the ATPase activities of actomyosin, 
microsomal membranes, and sarcolemmal preparations to comparable extents. 
Moreover, at high ionic strengths where actomyosin would be dissociated 
and would exhibit the same ATPase activity as nyosin, it was found that 
Ca^"*", Mg^"^, and EDTA all had similar effects on the ATPase activities 
of myosin and sarcolemmal preparations, , Ca^"*" and EDTA activated 
and Mg^"*" inhibited these activities. These results made it difficult to 
determine whether sarcolemmal membranes contain an ATPase enzyme that 
responds to Mg-^\ and EDTA in a manner similar to that exhibited 
by actomyosin or whether most of the ATPase activity observed in 
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sarcolemmal preparations, in fact, derives from actomyosin contamination. 
That the ATPase activity of sarcolemmal membranes is activated by 
however, does demonstrate that this activity is not due to tiyosin 
in the absence of actin because the ATPase activity of myosin alone is 
potently inhibited by Mg2+. 
Extensive tests with several substances, such as ouabain and di-
phenylhydantoin that have been reported to inhibit membrane ATPase 
activity, also failed to distinguish between sarcolemmal and actomyosin 
ATPase activities because these substances either 1) had similar ef­
fects on the ATPase activities of sarcolemmal preparations, microsomal 
membranes, and actomyosin, or 2) had opposite effects on actomyosin and 
microsomal ATPase activities, such as activating microsomal ATPase 
and inhibiting actomyosin ATPase, so that it was impossible to eliminate 
the possibility that any effect of these substances on the ATPase 
of sarcolemmal preparations originated from an activation or inhibition 
of contaminating microsomal or actomyosin ATPase. Electron microscopic 
examination of the sarcolemmal preparations made in the present study 
suggested that these preparations might contain maximally up to 30% of 
their protein as actomyosin plus microsomal membrane contamination. Com­
parison of specific activities of Mg^"'"-modified and Ca^"'"-modified ATPase 
showed that these activities were approximately 30% as high in sarcolemmal 
preparations as in actomyosin; this is exactly what would be expected if 
aii ATPase activity in the sarccleiiKial preparations were dus to acto­
myosin. Obviously, in order to differentiate sarcolemmal ATPase from 
actomyosin ATPase, some modifying agent is needed that will completely 
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inhibit actomyosin ATPase activity without affecting sarcolemmal ATPase 
activity, or vice versa. Studies with certain sulfhydryl reagents such 
as p-hydroxymercuribenzoate or N-ethylmaleimide may provide this differ­
entiation since addition of these reagents in carefully controlled 
amounts activate actomyosin ATPase activity whereas sulfhydryl reagents 
have been reported to inhibit membrane ATPase activities (Skou, 1965). 
Studies of the rate of denaturation at temperatures above 37°C may also 
distinguish between actomyosin and sarcolemmal ATPase activities since 
actomyosin ATPase activity is unusually sensitive to denaturation at 
temperatures above 37°C. Finally, it is evident that a quantitative 
estimate of microsomal membrane contamination as might be provided by 
2+ 
the Ca -uptake assay described previously would assist in determining 
the extent of actomyosin contamination in sarcolemmal preparations since 
attention could then be focused on differentiating between only two 
ATPase activities. 
In spite of the difficulty in distinguishing between actorryosin 
and sarcolemmal ATPase activities, the results of the present study 
do provide substantial evidence indicating that sarcolemmal membranes 
contain an endogenous ATPase activity that is at least slightly different 
from actomyosin ATPase activity, and moreover, that only very little of 
the ATPase activity observed in sarcolemmal preparations made by Method 
II can originate from actomyosin contamination. These two conclusions 
are based on the following observàLioûS; 1) Na"^ plus K"*" concentrations 
at which maximal ATPase activity occurs, either in the presence or 
absence of Mg^"'", was different for actomyosin and sarcolemmal preparations; 
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2) the Mg2+-modlfied ATPase activity of actorayosin decreased much more 
rapidly and to a much greater extent as Na"*" plus concentration in­
creases above 50 mM than the Mg^'^-modified ATPase activity of sarcolernmal 
preparations does; 3) the effect of pH on the Ng^^-stimulated-(Na'^ + K+)-
modified ATPase activity of sarcolernmal preparations is completely dif­
ferent from the effect of pH on the Mg^"'"-modified actomyosin ATPase 
activity; and 4) addition of in amounts equal to that of Ca^"^ in­
hibits the Ca^'^-(Na'^ + KT*")- ATPase activity of actomyosin but slightly 
activates the Ca^"^ -(Na"*" + KT*")-ATPase activity of Method II sarcolernmal 
preparations. In addition, most of the ATPase activity of sarcolernmal 
preparations cannot originate from microsomal contamination since: 
1) ATPase activity of microsomal membranes is not stimulated by Ca"*" 
as much as it is by Mg^"^, either in the presence or absence of Na"*" plus 
KT*", whereas ATPase activity of sarcolernmal membranes is stimulated 
equally by Ca^"*" and and 2) ouabain activates the ATPase activity 
of microsomes but inhibits the ATPase activity of sarcolernmal preparations. 
By accepting the conclusion that most of the ATPase activity ob­
served in sarcolernmal preparations originates from the sarcolemma itself 
and that only a small, though unknown, proportion of this activity can 
originate from actomyosin or microsomal contamination, it is possible to 
conclude that sarcolernmal membrane ATPase activity differs from erythro­
cyte ghost membrane activity in several ways; 1) the sarcolernmal enzyme 
is 60-65 times more active in the presence of Mg^"*", either with or 
without Na"^ plus K"^, than the erythrocyte membrane enzyme; and 2) the 
sarcolernmal enzyme is approximately 200-225 times more active in the 
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presence of Ca^"*", either with or without Na"*" plus K"*", than the erythro­
cyte membrane enzyme. These results indicate that (Na"*" + KT^)-membrane 
ATPase enzymes may differ substantially from one another depending on 
their origin, and that the membrane ATPase activity of a particular cell 
type may be highly specialized in order to function in accord with the 
needs of the cell. However, because actomyosin and microsomal ATPases 
have higher specific activities than the saicolemmal ATPase, and because 
the sarcolemmal preparations contain at least some actomyosin and micro­
somal contamination, the significance of any quantitative comparison be­
tween the sarcolemmal and erythrocyte ATPases must remain in doubt until 
an accurate estimate can be made of the extent of actomyosin and micro­
somal contamination in the existing sarcolemmal preparation. 
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SUMMARY 
The objectives of this investigation were to develop a procedure 
for isolating sarcoletnmal membranes from striated muscle in high purity 
and yield, and to determine purity of these preparations by objective 
methods. Since the sarcolemmal membrane is insoluble, procedures for 
its preparation must extract all other components of the muscle cell 
leaving the sarcolemma in a pure and unaltered form. Extensive testing 
showed that low ionic strength extraction procedures possessed several 
advantages over high ionic strength extraction methods for sarcolemmal 
preparation; 1) low ionic strength methods produce sarcolemmal prepara­
tions 80-95% "microscopically pure", whereas only 10-35% of the cell 
segments from high ionic strength methods are empty ; 2) low ionic 
strength methods produce membrane fractions that are less aggregated 
than membrane preparations from high ionic strength methods; 3) low 
ionic strength methods require less time to produce a final membrane 
preparation than high ionic strength methods; and 4) because they do not 
use solvents with ionic strengths greater than those that normally occur 
within the muscle cell, low ionic strength methods are less likely to 
extract proteins from the sarcolemma itself than high ionic strength 
methods are. Based on the extensive experimentation done in this study, 
it appears that high ionic strength extraction methods will not produce 
undegraded sarcoleramal membranes of acceptable purity unless a completely 
r.ev7 high ionic strength solvent is discovered that has much greater ex­
traction efficiency than the salt solutions presently used. 
Careful studies with the low ionic strength procedures for sarcolera­
mal preparation suggested the following general principles for preparing 
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sarcoleamal membranes having "microscopic purities"above 95%. 1) Ex­
cised muscle tissue should not be passed through a meat grinder to rup­
ture muscle cells since this treatment disintegrates the sarcolemma 
into small fragments that cannot be recognized in the phase microscope. 
These small fragments also sediment with vesiculated microsomal mem­
branes, and are extremely difficult to separate from these membranes. 
Brief (< 15 sec) homogenization in a Waring Blender breaks muscle cells 
transversely into tubular segments that sediment at very low forces and 
that contain portions of sarcolemma large enough to be recognizable in 
the phase microscope. 2) Homogenization and several pre-incubation 
washes should be done in the presence of 1 mM Ca^"^ to activate a Ca^"*"-
activated protease found in muscle cells. Moreover, these steps should 
be done at the highest possible temperature that will not cause sar-
colemmal degradation since this will also stimulate the Ca^^-activated 
protease. 3) An incubation step in which either the intact muscle or 
the washed cell segments are incubated at 25° to 37°C should be included 
to permit greater degradation of the muscle cell's "cytoskeleton" by 
2+ the Ca -activated protease. 4) After some opportunity has been provided 
for "cytoskeletal" degradation by the Ca^'^'-activated protease, the cell 
24-
segments must be washed free of Ca by several post-incubation washes; 
Ca^"^ removal is facilitated by inclusion of EDTA or EGTA in these washes. 
5) After Ca^"*" removal, the myofibrillar proteins must be swollen by 
washing with buffered water at pH 7,0-7.8: swelling causes eventual 
disgorgement of the myofibrillar proteins from the cell segments. 
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6) Once the myofibrillar proteins have been disgorged, viscosity of the 
extruded actomyosin gel can be lowered by addition of ATP at pH 7.0-7.5, 
and the emptied sarcolemmal tubules collected by centrifugation. 
A low ionic strength method incorporating many of these principles 
was developed. Use of this method resulted in sarcolemmal preparations 
having "microscopic purities" of 85-957». Phase microscopic studies 
showed that myofibrils in cell segments after incubation became in­
creasingly disrupted and lost their Z-lines; this suggests that the 
"cytoskeleton" in muscle cells comprises the sarcoplasmic reticular 
membranes and Z-lines. After several washes in Tris-buffered water, 
phase microscopic observation showed amorphous material being extruded 
from the cell segmentsj this indicates that low ionic strength washing 
removes myofibrillar proteins from cell segments by extrusion rather 
than solubilization. 
After isolation by the low ionic strength procedure, the sarcolemma 
appears in the phase microscope as a transparent and structureless tubular 
membrane; in the electron microscope, the sarcolemma appears as an 
electron dense line about 80 S wide with a network of fine fibrils closely 
associated with the external surface of the membrane. Presence of these 
fibrils shows that low ionic strength procedures do not remove the outer 
connective tissue layer and middle basement membrane of the sarcolemmal 
complex. Electron microscopic examination of sarcolemmal fractions also 
revealed small amounts of actin-like filaments and vesi*~'0.àr-likë 
structures, and very infrequently, recognizable mitochondria were seen 
in these preparations. 
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Assay of succinic dehydrogenase activity showed that mitochondrial 
protein constituted less than 17, of the protein in these sarcoleramal 
preparations. Glucose-6-phosphatase activity in these sarcoleramal 
preparations, however, was approximately 15-307» as high as the activity 
found in microsomal fractions. Since glucose-6-phosphatase activity 
increased as "microscopic purity" decreased, it is possible that the 
sarcolemma contains no glucose-6-phosphatase activity, although this pos­
sibility was not definitely established. 
Extensive study of the ATPase activity of sarcoleramal preparations 
failed to reveal any method whereby ATPase activity could be used as a 
marker for quantitatively assaying the amount of actomyosin or microsomal 
membranes contaminating these preparations. The reason for this failure 
was that ATPase activity in the sarcoleramal preparations resembled either 
actomyosin or microsomal ATPase activity in its response to activators 
(Mg^"^, Ca^"*", EDTA) and other modifiers (ouabain, diphenylhydantoin) tested 
in this study. At high ionic strength, where actomyosin ATPase activity 
is equivalent to myosin ATPase activity, both myosin and sarcoleramal 
2+ 24-
ATPase activities were activated by Ca and EDTA and inhibited by Mg 
At low ionic strength « 0.1), actomyosin and sarcoleramal ATPase ac-
2+ 
tivities were activated by Mg and Ca both in the presence and the 
absence of Na"*" plus K^. Since myosin ATPase activity is potently inhibited 
by Mg^"*", even at low ionic strength, myosin in the absence of actin is 
not a contaminant in the sarcoleramal prepàrài:iûris made in this study. 
Ouabain slightly inhibited the ATPase activity of both actomyosin and 
sarcoleramal preparations. 
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In spite of the many similarities between actomyosin ATPase ac­
tivity and the ATPase activity observed in sarcolemmal preparations, 
it was possible to distinguish between these activities and to show that 
the sarcolemma contains a distinct endogenous enzyme because: 1) sarco-
lemma 1 membranes exhibited maximal ATPase activity at 30 mM Na plus 
24-3 mM K , both in the presence or absence of Mg , whereas actomyosin ex­
hibited maximal ATPase activity at 20 mK Na"*" plus 2 mM KT^; 2) the 
Mg^'^-(Na+ + K"l")-ATPase activity of sarcolemmal preparations decreased 
much less rapidly and to a much lesser extent at Na"*" plus K*" concentra­
tions above 50 mM than the Mg^"*"-stimulated ATPase activity of actomyosin 
did; 3) the Mg^'*"-(Na"*" + K^)-ATPase of sarcolemma has a pH optimum of 
7.0 which is distinctly different from the pH optimum of the Mg^"*"-
ATPase of actonyosin; 4) addition of Mg^"^ in amounts equal to that of 
Ca^"*" slightly activated the Ca^'*"-(Na"*' + K^)-ATPase of sarcolemmal mem­
branes but slightly inhibited the Ca^'^-(Na'*' + K."^)-ATPase of actomyosin. 
Moreover, sarcolemmal ATPase activity is different from microsomal ATPase 
activity because: 1) the ATPase activity of microsomal membranes is not 
stimulated by Ca^"^ as much as it is by Mg^"*", either in the presence or 
absence of Na"*" plus KT*", whereas the ATPase activity of sarcolemmal prepara­
tions is stimulated equally by both divalent cations; and 2) the presence 
of 10"^, 10"^, or 10"^ M ouabain stimulates both Mg^"*"- and Mg^'^-CNa"*' + KT*")-
ATPase activities of microsomal membranes but inhibits the Mg^"*^-(Na"*" + IC^)-
ATPase of sarcclsrsnial membranes. It vras also found that 10"'^ M BPH in­
hibited Mg^"*"- and Mg^"*"-(Na"*" + K^)-ATPase activities of sarcolemmal mem­
branes but the extent of inhibition was not as great as that caused by 
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10"^ M ouabain. 
In the presence of 3 mM or 3 mM plus 30 mM Na'^+ 3 mM K."*", 
sarcolemmal preparations hydrolyzed ATP 1.6-1.7 times more rapidly than 
ITP. Under the same conditions, microsomal membranes hydrolyzed ATP 
1.5-1.6 times more rapidly than ITP. 
Sarcolemmal membrane ATPase activity differs from erythrocyte mem­
brane ATPase activity in three ways: 1) the sarcolemmal enzyme is 60-65 
2+ . + 
times more active in the presence of Mg , either with or without Na 
plus KT*", than the erythorcyte membrane enzyme; 2) the sarcolemmal enzyme 
2+ is approximately 200-225 times more active in t^T presence of Ca , 
either with or without Na"*" plus IC^, than the erythrocyte membrane en­
zyme; and 3) the sarcolemmal enzyme will hydrolyze ITP, but at a reduced 
rate, whereas the erythrocyte membrane enzyme has been reported to be 
unable to hydrolyze ITP. 
Comparison of phase microscopic and chemical assays of purity showed 
that although "microscopic purity", as determined in the phase micro­
scope, provides some indication of the percent of cell segments that 
contain myofibrillar proteins, it does not provide a good estimate of 
percent of myofibrillar contamination on a weight basis. It is possible 
for preparations that are 90-957» "microscopically pure" to contain 307. of 
their protein as actomyosin. This problem has not been considered in 
previous reports on purity of sarcolemmal preparations. 
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CONCLUSIONS 
1. Low ionic strength extraction methods possess several advantages 
over high ionic strength extraction methods for preparation of 
sarcolemmal membranes; I) they produce sarcolemmal preparations 
with "microscopic purities" of 85-95%, whereas high ionic strength 
methods produce sarcolemmel preparations with microscopic purities 
of 10-35%; 2) they produce less aggregated preparations which can 
be easily handled and pipetted; and 3) less time is required to 
prepare a sarcolemmal membrane preparation with low ionic strength 
procedures than with high ionic strength methods. High ionic 
strength extraction methods are not suitable for preparation of 
undegraded sarcolemmal membranes of high purity, 
2. The cell emptying phenomena, by which myofibrillar proteins are 
removed from muscle cell segments during low ionic strength washing, 
involves a "cytoskeletal" breakdown which permits myofibrillar pro­
teins to svell and be disgorged from the cell segments. The ex­
truded myofibrillar proteins form a viscous gel which entraps emptied 
cell segments. Addition of ATP or repeated washes with buffered 
water decreases the viscosity of this gel and allows recovery o:: the 
cell segments by sedimentation. Z-line degradation is implicated 
in the cell emptying phenomena. 
3. "Microscopic purity" does not provide a good estimate on a weight 
basis of àctorïïyosin contamination in sarcclemnial membrane prepara­
tions. 
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The sarcolemma appears as a transparent and structureless tubular 
membrane in the phase microscope. When viewed in the electron 
microscope, the sarcolemma appears as an electron dense line approx­
imately 80 X wide, and containing a network of fine fibrils closely 
associated with its external surface. The presence of these fibrils 
demonstrates that low ionic strength procedures do not remove the 
connective tissue layer of the sarcolemmal complex, 
Sarcolemmal preparations made by the low ionic strength procedure 
described in this study contain less than 1% of their protein as 
mitochondrial contamination as determined by using succinic de­
hydrogenase as a marker enzyme. 
Contamination due to microsomal membranes in sarcolemmal prepara­
tions cannot be quantitatively assessed by using glucose-6-
phosphatase activity or ATPase activity as enzymic markers. Simi­
larly, neither Mg^"^ -modified, Ca^'^-modified, nor EDTA-modified 
ATPase activity can be used as marker enzymes for estimating acto-
myosin contamination in sarcolemmal preparations. 
Sarcolemmal membranes possess an endcgcncus (Na"*" 4- !C^)-modified 
ATPase activity which is separate from actomyosin ATPase activity. 
2-1-
The sarcolemmal ATPase activity 1) is activated by both Mg ' and 
Ca^^ at either low or high ionic strength and by EDTA at high 
ionic strength; 2) exhibits maximal activity at 30 mM Na"^ plus 3 
, ^ I 
mM K"^; 3) has a pH optimum of 7.0 in the presence of Mg'"^; and 
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4) is inhibited by 10"^, 10"^, 10"^ M ouabain and 10"^ diphenyl-
hydantoin. 
8. The Mg^"^-stimulated- and Mg^"*"-stimulated-(Na'*" + KT*")-modified enzyme 
activities of sarcolemmal membranes are greater when ATP is used 
as substrate than when ITP is used as substrate. 
9. The sarcolemmal ATPase enzyme differs from the erythrocyte membrane 
enzyme since it 1) hydrolyzes ATP 60-65 times faster in the presence 
of Mg^"*" and 200-225 times faster in the presence of Ca^"*" than the 
erythrocyte enzyme and 2) since it hydrolyzes ITP, albeit at a re­
duced rate, whereas the erythrocyte enzyme does not hydrolyze ITP. 
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